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ABSTRACT 
Single-Walled Carbon Nanotubes: 
Functionalization, Characterization and Application 
by 
Liling Zeng 
With extraordinary material and physical properties, single-walled carbon 
nanotubes (SWNTs) attract a lot of research interest for both fundamental science and 
emerging applications. However, their realistic application has been hindered by 
difficulties with processing and characterization. This thesis reports our investigation into 
the functionalization and characterization of SWNTs for biological and materials 
applications. 
Carboxylic acid-functionalized SWNTs were prepared via the reaction of an 
amino acid, NH2(CH2)WC02H, with fluoronanotubes (F-SWNTs). The aqueous solubility 
of functionalized SWNTs over a wide pH range can be tailored through substituent chain 
length (i.e., n). These amino-acid functionalized SWNTs were characterized by Raman, 
IR, TGA, XPS, AFM and TEM. However, these methods even in combination do not 
provide a full characterization. In particular, they do not uniquely demonstrate the 
covalent attachment of the amino acid nitrogen to the SWNT sidewall. An alternative 
technique that potentially provides a more detailed description is NMR. We have used 
solid-state 13C NMR to characterize these nano-scale materials. We have observed the 
sp3 fluorine-substituted (C-F) carbon atoms on the sidewall of F-SWNTs. Correlation of 
quantification of F-SWNTs by NMR, XPS, and Raman shows that NMR provides a 
better quantification than Raman at high level of functionalization. 
Solid state NMR was also used to investigate a more complicated system: amino 
Hi 
acid functionalized SWNTs. Our results show that increasing the length of SWNT 
sidewall functional groups enhances the ability to observe the sidewall sp3 carbons (C-N) 
and thus provides direct evidence for covalent sidewall functionalization of SWNTs. 
NMR also suggests that longer side chains appear to be better at separating the SWNTs 
and have more motional freedom than short chains. 
Lastly, two applications of amino acid functionalized SWNTs are discussed: cell 
viability and toxicity of functionalized SWNTs for biological application and a 
convenient route to the covalent attachment of SWNTs to a silicon surface for electronic 
and material applications. 
"The best preparation for good work tomorrow is to do good work today" 
-Elbert Hubbard 
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Introduction 
The history of carbon nanotubes can be traced back to the 1960's.1 However, it 
was not until late 1991 that such nanostructures were elucidated when Iijima observed 
multi-walled carbon nanotubes (MWNTs) by a high resolution transmission electron 
microscopy.2 '3 The discovery of MWNTs was followed by single-walled carbon 
nanotubes (SWNTs), with one-dimensional (ID) structure, in 1993.4>5 SWNTs can be 
considered to comprise as a single graphene sheet wrapped into a cylinder with diameter 
varying between 0.4 and 2 nm. SWNTs exhibit extraordinary material and physical 
properties and have become a cornerstone of nanotechnology. 
Individual SWNTs were found to conduct electricity better than copper or have 
higher carrier mobility than Si.6>7 SWNTs have a thermal conductivity close to that of a 
diamond along the tube axis, but good insulators laterally to the tube axis.8 With high 
aspect ratio, mechanical strength higher than that of high performance steel and only -1/6 
of the density, SWNTs are an important candidate for reinforcement fillers in 
nanocomposite materials.9'10'11 Apart from the above applications, SWNTs are attractive 
materials to be used as electron emitters in field emission displays, scanning probe 
microscopy tips, actuators, sensors, molecular-scale components in micro or nano 
electronics devices, as well as in hydrogen storage systems.3'12'13'14 
Because of the nanosize, shape and hollow structures of SWNTs, SWNTs are 
considered as an important class of nanomaterials for the development of biological 
nanotechnology. Ongoing research is investigating the revolutionary biological 
applications of SWNTs. There are two major aspects of SWNTs biomedical applications: 
biomedical therapy and diagnostics. Studies have been performed on evaluating SWNTs 
properties of delivery of drugs, proteins, peptides, and nucleic acids for gene 
transfer.15 '16 '17 '18 SWNTs can serve as nano vectors for targeted drug delivery, and 
intracellular translocators for proteins and DNA delivery.19 On the other hand, SWNTs 
2 
can also be used to kill tumor cells by heating after near IR (NIR) radiation.20 SWNTs 
can also be used for in-vivo tumor imaging and nanocapsules for confinement of contrast 
reagents in magnetic resonance imaging (MRI).21 SWNTs can also be functionalized 
with different organic moieties for multi-task applications.22 
Functionalization of SWNTs Despite the unique structures and extraordinary 
properties of SWNTs, the realization of their applications are greatly hindered by 
bundling of the SWNTs due to their strong intermolecular van der Waals forces. The 
resulting insolubility of SWNTs makes it very difficult to process and fabricate SWNTs-
based materials. Increasing the water solubility and biocompatibility of SWNTs remain a 
constant goal in the realization of their biological applications. Functionalization is the 
major route to overcome such difficulties. Another benefit from functionalization is that 
the SWNTs can be multifunctional after attachment of the chemical functional groups on 
the surface, making them ideal candidate for applications in biomedicine and electronics. 
There are two major types of methodologies for functionalization and solubilizing 
the SWNTs: covalent and noncovalent functionalization. Covalent functionalization 
needs covalent linkage of functional groups onto the surface of SWNTs, especially the 
sidewall of SWNTs. Noncovalent functionalization is mainly achieved by polymer-
wrapping and 7i-7i stacking of aromatic compounds.23 We are interested in developing a 
more stable system where the functional groups are covalently attached to the SWNTs 
surface. 
Before sidewall functionalization chemistry was established, covalent 
functionalization of SWNTs was achieved by oxidation: treatment of SWNTs under 
oxidizing conditions such as mixtures of sulfuric and nitric acids.24'25 Carboxylic groups 
were introduced to the SWNTs surface, but usually at the open end of the SWNT and 
were accompanied by damage to the sidewall. Considering the high surface area of 
sidewall of SWNTs, it would make more useful structures to graft molecules onto the 
3 
sidewall of SWNTs, while maintaining the SWNTs structures. Direct covalent sidewall 
functionalization is associated with a change of hybridization from sp2 to sp3 of the 
carbons on the sidewalls of SWNTs. Numerous SWNTs derivatives have been 
synthesized. Below is a brief summary of different covalent chemistry on SWNTs in 
recent years and the characterization methods involved. It is essential to understand the 
structure of the functionalized SWNTs and establish covalent functionalization. We focus 
on the representative methods and evaluate different analytical methods that have been 
applied to characterize functionalized SWNTs. 
Sidewall functionalization of SWNTs. The 1,3 dipolar addition of azomethine 
ylides has been widely used in the modification of fullerene CgQ,26'27 and was developed 
for functionalization of SWNTs.28 In this reaction treatment of SWNTs suspended in 
DMF with an aldehyde and an N-substituted glycine derivative at 130 °C, resulted in the 
formation of substituted pyrrolidine moieties on the SWNTs surface (Scheme LI). This 
reaction is successful with both native as prepared and oxidatively etched SWNTs, and 
resulted in substituted pyrrolidine moieties on the SWNTs surface, which greatly aided 
exfoliation of the SWNTs bundles. In fact, depending on the identity of the organic 
substituents the authors claimed that the product shows very high solubility in organic 
solvents (ca. 50 mg.mL"1 in chloroform for R^ = CH2CH2OCH2CH2OCH2CH2OCH3, 
R-2 = H). This method was used for the synthesis of poly(methyl methacrylate) (PMMA) 
functionalized SWNTs.29 
The functionalization of SWNTs with dichlorocarbnene is first generated from 
chloroform with sodium hydroxide.30 The degree of functionalization is unfortunately 
low. Later, functionalization of SWNTs with nitrenes generated by thermolysis of alkyl 
azidoformates was reported (Scheme 1.2).31>32 The degrees of functionalization in these 
reactions were low, thus no significant change on absorption spectra was observed 
compared with pristine SWNTs. 
4 
R2-CHO + RrNHCH2COOH 
SWNTs 
DMF, 130 °C, 120 h 
R i = - \ \ /t0U 
R2 - C7H15 
(2) CuBr, bpy 
O 
O. \ 
(1) O 
Br 
Br 
Br 
C7Hi5 V ° 
Scheme 1.1. Functionalization of SWNTs by the 1,3-dipolar addition of azomethine 
ylides. 
O 
RV^N3 
SWNTs, 160 °C 
-N, > < 
O-R 
O 
J n 
Scheme 1.2. Sidewall functionalization by [2+1] cycloaddition of nitrenes, R = tert-butyl 
and ethyl. 
A flexible aryl diazonium reaction has been developed in the Tour group since the 
first report in 2001.33>34 Initially, a SWNT electrode was reported to react with a variety 
of substituted aryl diazonium salts, as shown in Scheme 1.3. A similar reaction was later 
described using in-situ generation of the diazonium by mixing an aniline and isoamyl 
nitrite (or sodium nitrite) with the SWNTs in organic solvents, oleum (H2SO4 with 
5 
dissolved SO3) or without any solvents (Scheme I.3).34>35>36 The Tour method is 
effective for a wide range of sidewall functionalization and produced well-dispersed 
SWNTs in organic solvents and water. 
-1 V, SWNTs 
CH3CN, N+Bu4BF4-
N2+BF4-
ONO 
NH, 
SWNTs 
ODCB/CH3CN,2:l 
65 °C 
SWNTs 
\ / R 
n 
NaN02, AIBN (20%) 
H2S04 (fuming), 80 °C, 1 h 
Scheme 1.3. Reaction of SWNTs with aryl diazonium compounds. 
Several methods for dissolved metal reduction of SWNTs have been described. 
The reductive intercalation of lithium ions onto the SWNTs surface in liquid ammonia 
was developed in the Billups group, and was shown to generate ultra highly lithiated 
SWNTs (Scheme I.4).37 Such negatively charged SWNTs were further reacted with a 
variety of electrophiles, such as alkyl halides, aryl halides, and even vinyl monomers.37 
Thermal routes have also been applied to covalently functionalize SWNTs with 
radicals. SWNTs were heated with succinic or glutaric acid acyl peroxides and resulted in 
addition of carboxyl alkyl radicals on to the sidewalls (Scheme 1.5).38 
6 
Li/NH, Li+ RI R + Lil 
Scheme 1.4. Representation of Billups reaction of SWNTs. R = (CH2)nCH3, (CH2)3CH3, 
Ph, etc. 
O O 
!! II 
HOOC(CH2)nCOOC(CH2)nCOOH SWNTs heat, -C02, ODCB -(CH2)nCOOH 
Scheme 1.5. SWNTs reaction with carboxyl alkyl radicals by a thermal process. 
Fluorination and subsequent reactions. Fluorination is one of the first methods 
developed for covalent sidewall functionalization of SWNTs.39 Fluorinated SWNTs (F-
SWNTs) can be prepared by direct fluorination and the C:F ratio can be up to 2.1:1 
without disruption of the SWNTs tubular structure. F-SWNT's structure has been widely 
studied by theoretical calculation, STM, and XPS.40>41>42 F-SWNTs show higher 
reactivity than pristine SWNTs with greatly enhanced solubility in solvents such as DMF 
and alcohols. F-SWNTs are often used as a precursor for subsequent elaboration to add 
new functionality to the surface of the SWNTs. By reacting with organolithium, Grignard 
reagents or primary amines, functional termini such as hydroxyl groups, amino groups, 
and alkyl groups were attached to the SWNTs surface and further the utility of the 
chemistry of F-SWNTs.43>44>45>46>47 Such functional groups greatly increased solubility 
of SWNTs and further reactions of these functional groups were reported. In the Barron 
group, a variety of moieties such as thiol, thiophene, carboxylic groups and 
polyethyleneimine (PEI) have been attached to the sidewall of SWNTs by reaction of 
7 
F2, heat 
"PTx 
(x » y and x > y + z) 
RrNH2 
py, 90 °C, -HF 
i-[NH-R!]z 
|—[F]y 
2,3-dimethyl-1,3-butadine 
ODCB 
R2-MgBr 
or R2-Li 
Scheme 1.6. Reaction scheme of F-SWNTs, and different methods to further 
functionalize F-SWNTs. R! = (CH2)nOH, (CH2)nCOOH, (CH2)nNH2, (CH2)nSH, 2-
thiophene, PEI, R2 = (CH2)nOH, alkyl. 
H2N-R - H2N-R 
-F — 
-N-R + LL + J * 
H N F H 
Scheme 1.7. Proposed mechanism for reaction of F-SWNTs with primary amines. 
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F-SWNTs with primary amines (Scheme I.6).48>49 The possible reaction mechanism is 
considered as a radical reaction (Scheme 1.7) and similar to that of reductive alkylation 
reaction of fluorinated graphite.50 In addition, Diels-Alder [4+2] cycloaddition with a 
wide range of dienes were attached to the sidewall of SWNTs.51 
Characterization of covalently functionalized SWNTs. Characterization 
remains a technical challenge even though the chemistry of covalent functionalization has 
been studied for more than a decade. Both Tour and Hirsch have commented that the 
characterization of products represent a constant problem in nanorube chemistry.32'52 A 
systematic tool or suites of tools are needed for adequate characterization of chemically 
functionalized SWNTs, and is necessary for declaration of success or failure in 
functionalization trials. So far, a wide range of techniques have been applied to 
characterize functionalized SWNTs: IR, Raman, UV/vis, thermogravimetric analysis 
(TGA), Atomic force microscopy (AFM), Transmission electron microscopy (TEM), X-
ray photoelectron spectroscopy (XPS), etc. A summary of the attribute of each of the 
characterization method is given in Table 1.1. 
Raman spectroscopy is very informative and important for characterizing 
functionalized SWNTs. The tangential G mode (ca. 1550 - 1600 cm"1) is characteristic of 
sp2 carbons on the hexagonal graphene network. The D-band, so called disorder mode 
(found at ca. 1295 cm-1) appears due to disruption of the hexagonal sp2 network of 
SWNTs. The D-band was largely used to characterize functionalized SWNTs and ensure 
functionalization is covalent and occurred at the sidewalls. However, the observation of 
D band in Raman can also be related to presence of defects such as vacancies, 5-7 pairs, 
or dopants.53 Thus, using Raman to provide evidence of covalent functionalization needs 
to be done with caution. Also, using Raman for measurement of the degree of 
functionalization is not reliable. We have shown that quantification with Raman is 
complicated by the distribution of functional groups on the sidewall of SWNTs.48 As 
9 
Table 1.1. Common characterization methodology for functionalized SWNTs. 
Method 
Raman 
IR 
TGA 
XPS 
UV/vis 
AFM 
TEM 
STM 
Solution 
NMR 
Solid state 
NMR 
Sample 
solid 
solid for 
(ATR-IR) 
or solution 
solid 
solid 
solution 
solid on 
substrate 
solid on 
substrate 
solid on 
substrate 
solution 
solid 
Information 
sp3 indicated by 
D mode 
substituent groups 
functionalization 
ratio 
elements, 
functionalization ratio 
sidewall 
functionalization 
topography 
image of sample 
distribution 
dispersion 
distribution 
substituents 
substituents, sp3 
molecular motions, 
quantification at 
at high level of 
funcitionalization 
Limitations 
not specific, 
quantification not reliable 
no direct evidence for 
covalent functionalization, 
quantification not possible 
no evidence for covalent 
functionalization, not specific 
no evidence of covalent 
functionalization, 
not specific, 
quantification complicated 
not specific or quantitative, 
need highly dispersed sample 
only a small portion of 
sample characterized, 
no evidence of covalent 
functionalization, 
no chemical identity 
only a small portion of 
sample characterized, 
no evidence of covalent 
functionalization, 
no chemical identity 
dispersion information 
complicated 
no chemical identity 
of functional groups 
small portion of sample 
conductive sample only 
no evidence of covalent 
functionalization, 
high solubility of sample 
high functionalization 
needed, long time for signal 
acquisition, quantification not 
available for samples with 
protons on side chains 
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seen in Scheme 1.8, if F-SWNTs are functionalized with thiol or thiophene terminated 
moieties, TGA shows that they have similar level of functionalization (17.5:1 and 19:1). 
However, their relative intensities of D:G in Raman spectrum are quite different (Figure 
1.1). The use of sulfur substituents allow for gold nanoparticles with 5 nm in diameter to 
be attached as a "chemical marker" for direct imaging of the distribution of functional 
groups. AFM and STM suggest that the functional groups of thio-SWNTs are group 
together while the thiophene groups are widely distributed on the sidewall of SWNTs 
(Figure 1.2). Thus the difference is not due to significant difference in substituent 
concentration but on substituent distribution, while Raman shows different D:G ratio. 
pyridine 
80 °C, 3 h 
-[F]x + H2N(CH2)2R - > 
-HF 
NH(CH2)2R 
NHCCH^R 
NHCCH^R 
[NH(CH2)2R]y 
R=SH 
R = 
x > y 
5 nm Au nanoparticle 
Scheme 1.8. Synthesis of thio- and thiophene-SWNT and the introduction of "chemical 
markers" for AFM and STM imaging. 
IR spectroscopy is useful in characterizing functional groups bound to SWNTs. A 
variety of organic functional groups on sidewall of SWNTs have been identified by IR, 
such as -COOH(R), -CH2, -CH3, -NH2, -OH, etc.23'43-52 However, it is difficult to get 
direct functionalization information from IR spectroscopy. C-F groups have been 
11 
identified by IR in F-SWNTs,43 but C-C, C-N, C-0 groups were not observed in the 
appropriately functionalized SWNTs.52 
Intensity 
(arb. units) 
1200 1300 1400 1500 1600 
Wavenumber (cm-1) 
1700 
Figure 1.1. Raman spectrum of (a) thiol-SWNT (D:G = 8.5:32.5) and (b) thiophene-
SWNT (D:G = 16:32.5), showing different relative intensity of the D (disorder mode) 
versus the tangential G mode, with similar level of functionalization ratio by TGA. 
(a) 
-NH(CH2) 2 R~^—. 
-NH(CH2)2R-(f J 
- N H ( C H 2 ) 2 R - ^ - ^ 
Figure 1.2. Schematic representation of the functional group distribution and binding of 
gold nanoparticles for (a) thiol-SWNT and (b) thiophene-SWNT. 
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Thermogravimetric analysis (TGA) is the mostly widely used method to 
determine the level of sidewall functionalization. Since most functional groups are labile 
or decompose upon heating, while the SWNTs are stable up to 1200 °C under Ar 
atmosphere. The weight loss at 800 °C under Ar is often used to determine 
functionalization ratio using this indirect method.23>43>52>54 Unfortunately, quantification 
can be complicated with presence of multiple functional groups.47 Also, TGA does not 
provide direct evidence for covalent functionalization since it cannot differentiate 
between covalent attachment or physical adsorption. 
XPS confirms the presence of different elements in functionalized SWNTs. This 
is useful for identification of heteroatom elements such as F and N,31>42 and then XPS 
can be used for quantification with simple substituent groups and used indirectly.49 
Deconvolution of XPS is useful to study fine structures on SWNTs.42 However, 
quantification is complicated by overlapping of binding energies in the spectrum.42 
UV/vis spectroscopy is maybe the most accessible technique that provides 
information about the electronic states of SWNTs, and hence functionalization. The 
absorption spectrum shows bands at ca. 1400 nm and 1800 nm for pristine SWNTs. A 
complete loss of such structure is observed after chemical alteration of SWNTs 
sidewalls.23'52'54 However, such information is not quantitative and also does not show 
what type of functional moiety is on the sidewall of SWNTs. 
AFM, TEM and STM are useful imaging techniques to characterize 
functionalized SWNTs. As techniques, they are routinely used to provide an "image" of 
an individual nanoparticle, as opposed to an average of all the particles. 
AFM shows morphology on the surface of SWNTs. The height profile on AFM is 
often used to show presence of functional groups on sidewall of SWNTs. Individual 
SWNTs can be probed by AFM and sometimes provide information of dispersion and 
exfoliation of bundles.23'52'54 Measurement of heights along an individual SWNT can be 
correlated with the substituent group, i.e., the larger an alkyl chain of a side wall 
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substituent the greater the height measured. AFM does not distinguish whether those 
functional groups are covalently attached or physically adsorbed on the surface of 
SWNTs. 
TEM directly images functionalized SWNTs and at high resolution clearly shows 
the sidewall of individual SWNT.23>52>54 However, the resolution of TEM is not 
sufficient to directly observe covalent attachment of chemical modification moieties. 
TEM can be used to provide information of functionalization effect on dispersion and 
exfoliation of ropes.23'52'54 Samples are usually prepared with very dilute concentration 
of SWNTs. Sample needs to be very homogeneous to get reliable data. As with AFM, 
TEM only shows a very small portion of sample, using them to characterize 
functionalized SWNTs and evaluate dispersion of samples in solvents needs to be done 
with caution. 
STM offers a lot of insight on structure and surface of functionalized SWNTs. 
STM measures electronic structure, while sometimes the topographical information can 
be indirectly inferred by STM images. STM has been used to characterize F-SWNTs 
gold-marked SWNTs, and organic functionalized SWNTs.29'41'48 Distribution of 
functional groups can be inferred from STM images since the location of a substituent 
alters the localized electronic structure of the tube. STM images the position/location of 
chemical changes to the SWNT structure. The band-like structure of F-SWNTs was first 
disclosed by STM.41 STM has the same problem that is inherent with AFM and TEM, 
that when using small sample size, the result may not be statistically relevant. Also, 
chemical identity of the features on SWNTs cannot be determined by STM; rather, they 
have to be identified by spectroscopic methods such as IR or NMR. A difficulty with 
STM imaging is that the sample has to be conductive, thus deposition of the SWNT onto 
a gold (or similar) surface is necessary. 
NMR can be considered as a "new" characterization technique for SWNTs. 
Solution state NMR is limited for SWNT characterization because low solubility and 
14 
slow tumbling of the SWNTs results in broad spectra. Despite this issue, there are still 
solution *H NMR reported of SWNTs functionalized by carbenes, nitrenes and 
azomethine ylides because of the high solubility of derivatized SWNTs.26'3 !>32 However, 
covalent functionalization information cannot be obtained from the 'H NMR. An 
alternative, solid state 13C NMR has been employed to characterize several 
functionalized SWNTs and show successful observation of sidewall organic functional 
groups, such as carboxylic and alkyl groups.38'48'50'55 But there has been a lack of direct 
evidence of sp3 carbons on the sidewall of SWNTs that provides information of covalent 
functionalization. We have successfully used solid state 13C NMR to characterize F-
SWNTs and observed sp3 C-F carbons on sidewall of SWNTs.42 Transferring this 
methodology to a more complicated system, we used solid state 13C NMR to characterize 
carboxylic acid functionalized SWNTs (Chapter 3).56 And our result is suggesting longer 
side chain length increases the ease to observe sp3 C-N sidewall carbons. In such context, 
we extended the side chain length by coupling the carboxylic acid functional groups with 
alkyl alcohols. Our results have shown that the observation of sp3 carbons is chain length 
dependent. We have successfully observed sp3 C-N carbons on the sidewall of SWNTs 
and reported their chemical shift. Solid state NMR is a powerful technique because 
molecular dynamic information can also be obtained. We have successfully observed that 
higher side chain mobility can be achieved by using a longer side chain length (Chapter 
3). In fact, there have been reports using solid state NMR to study molecular mobility of 
functionalized multi-walled carbon nanotubes.57'58 
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Chapter 1 
Preparation of Aqueous Soluble Amino Acid Functionalized SWNTs 
Introduction 
There has been emerging interest in exploring biological applications of single 
wall carbon nanotubes (SWNTs), particularly under physiologically relevant 
conditions.1'2 Unfortunately, SWNTs are not readily to be dispersed or dissolved in water 
because of the strong intermolecular van der Waals force between individual SWNTs and 
the hydrophobic nature of SWNTs. Several methods have been used to functionalize 
SWNT bundles with water solubilizing substituents;3 however, only some methods 
exfoliate the bundles.4 Solubilization is made possible through either wrapping 
(surfacting) the SWNTs,5 end-group functionalization,6 or sidewall functionalization.7 
The majority of sidewall functionality is aimed at either solubility via polyethylene glycol, 
ester or cationic substituents, although Tour and co-workers have reported good results 
with aryl sulphonates.4 We are interested in attachment of hydrophilic functional group to 
the surface of SWNTs to solubilize them in water and in the formation of anionic 
substituents in order to facilitate transport through cell membranes,8 and also 
substituents that can be used as the basis for attachment of peptides. 
In this Chapter we report the synthesis of carboxylic acid functionalized SWNTs. 
It was previously reported by us that fluorinated SWNTs (F-SWNTs) react with amines 
and other strong nucleophiles,9'10 this therefore suggests that amino acids will make 
suitable flexible reagents. Initial studies have shown that cc-amino acids did not confer 
the desirable solubility so in order to investigate the effect of chain length we have 
synthesized representative examples using glysine (GLY), 6-aminohexanoic acid (AHA), 
and 11-aminoundecanoic acid (AUDA). 
21 
[NH(CH2)nC02H]z 
[F]y 
n = 1(1.1), 5 (1.2), 10(1.3) 
x » y and x > y + z 
Scheme 1.1. Preparation of amino-acid functionalized SWNTs. 
Results and Discussion 
The amino acid functionalization was performed according to Scheme 1.1. The 
glysine and 11-aminoundecanoic acid derivatized SWNTs (1.1 and 1.3) show no 
solubility in water, although AUDA-SWNTs did show better dispersion in water. In 
contrast, AHA-SWNT (1.2) is highly soluble in aqueous solution and solutions of ca. 0.5 
mg.mL-1 are readily formed at room temperature (Figure 1.1). This suggests that the 
SWNTs were debundled by substitutents with longer chain length. We note that no 
precipitation of sample 1.2 is observed over extended time or with centrifugation. Thus, 
although the analyses of SWNTs 1.1 - 1.3 show them to have similar levels of 
functionalization (see below), their solubilities are quite different. We propose the lack of 
solubility of 1.1 is due to the presence of intra-molecular hydrogen bonding, thus not 
enough chain length to debundle the SWNTs (Figure 1.2a). In an analogous manner to 
long chain aliphatic self assembled monolayers (SAMs) the lack of solubility of 
AUDA-SWNT (1.3) is presumably due to the substituents being of sufficient length to 
allow folding over creating a hydrophobic appearance to the functionalized SWNT's 
surface (Figure 1.2b). The formation of quasi-SAM also leads to the formation of 
nanotube bundles. The difference of the mechanism of precipitation of SWNTs 1.1 and 
1.3 also causes different phenomena. The rate of precipitation of SWNT 1.1 is faster than 
that of SWNT 1.3. We propose that the length of 1.2 is sufficient to preclude folding and 
[F]x + H2N(CH2)nC02H 
pyridine 
90 °C 
-HF 
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Figure 1.1. Photograph of (a) GLY-SWNTs (1.1), (b) AHA-SWNTs (1.2), and (c) 
AUDA-SWNTs (1.3) samples in DI-H20. 
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Figure 1.2. Intramolecular hydrogen bonding of (a) GLY-SWNTs (1.1), and (b) 
hydrophobic appearance of the surface of AUDA-SWNTs (1.3). 
results in the carboxylic acid substituents being exposed creating hydrophilic regions on 
the functionalized SWNT. Thus, we can show that with similar functional groups and 
levels of functionalization the length of the substituents side groups control the solubility. 
The products were characterized by thermal analysis, microscopic and 
spectroscopic methods. The thermogravimetric analysis (TGA) (Figure 1.3) of sample 
shows a steady mass loss between 200 and 600 °C in a manner typical of sidewall 
functionalization of SWNTs.3'4'10 The weight loss that occurred between 200 and 600 °C 
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Figure 1.3. Thermogravimetric analysis of (a) GLY-SWNTs (1.1), (b) AHA-SWNTs (1.2), 
and (c) AUDA-SWNT (1.3) under argon atmosphere. 
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Table 1.1. Analysis of GLY-SWNTs (1.1), AHA-SWNTs (1.2), and AUDA-SWNTs (1.3). 
Compound XPS Raman TGA 
CswNT : substi tuent G:D CswOT:substituent 
GLY-SWNTs (1.1) 18:1 0.71 15:1 
AHA-SWNTs (1.2) 16.8:1 0.64 16:1 
AUDA-SWNTs (1.3) 15:1 0.81 20:1 
i5 o55 old 0^ 75 Too 
(jim) 
Figure 1.4. Representative AFM image and height profile of AHA-SWNT (1.2). 
25 
Figure 1.5. TEM of AHA-SWNT (1.2) suspended from lacy carbon TEM grid. 
is attributed to the removal of functional groups. The extent of sidewall functionalization 
is often estimated from the relative mass loss associated with TGA. In the present case 
we can also determine the functionalization by the relative intensities of the C, O, and N 
peaks in the XPS. Based upon XPS, the Csw^-psubstituent ratios may be calculated to be 
18:1 (1.1), 16.8:1 (1.2) and 15:1 (1.3). These compares favorably with the ratios 
calculated from TGA measurements [15:1 (1.1), 16:1 (1.2) and 20:1 (1.3)], suggesting 
that TGA does provide a reasonable measure of sidewall functionalization (Table 1.1). 
Figure 1.4 shows representative atomic force microscopy (AFM) image and 
height measurements of SWNT 1.2 confirming the presence of individual SWNTs 
showing the presence of regions of functionalization along the SWNT. We have 
previously shown that such variations are common for reaction of F-SWNT,9 and based 
upon the discussion above we propose that SWNTs 1.1 and 1.3 would have a similar 
sidewall functional group distribution.11 The measured heights of the functionalized 
regions for 1.2 (ca. 2.0 nm, Figure 1.4b) as compared to the SWNT diameter (ca. 1 run) 
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Figure 1.6. ATR-FTIR spectra of (a) GLY-SWNTs (1.1), (b) AHA-SWNTs (1.2), and (c) 
AUDA-SWNTs (1.3). 
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Figure 1.7. Raman spectra of (a) GLY-SWNTs (1.1), (b) AHA-SWNTs (1.2), (c) 
AUDA-SWNTs (1.3), and (d) pristine SWNTs using 780 nm excitation. 
are consistent with the calculated length of NtHXCF^CC^H (molecular modeling with 
PC Spartan) in an extended conformation (1 nm). Transmission electron microscopy 
(TEM) confirms the presence of surface roughened functionalized SWNTs (Figure 1.5). 
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However, neither of these spectroscopic images provides evidence for covalent 
functionalization. 
Spectroscopic methods were also used to characterize functionalized SWNTs. The 
IR spectra (Figure 1.6) of SWNTs 1.1 - 1.3 show bands consistent with the appropriate 
substituents12 and the significant reduction in the fluorine content (as indicated by the 
loss of the band at 1102 cm"1). The carboxylic acid C=0 stretch for AHA-SWNT (1.2) 
and AUDA-SWNT (1.3), 1710 and 1705 cm"l, respectively, are typical of saturated 
aliphatic acids. However, the band observed of the glysine derivative (GLY-SWNT, 1.1) 
at 1619 cm-1 is characteristic of a chelated acid suggesting the presence of strong 
intra-ligand hydrogen bonding. The broad bands in the range of 3000 - 3400 cm-1 are 
assigned to the O-H stretches, while the peaks in the 2800 - 3000 cm-1 region are 
assigned to the C-H stretching modes. 
The Raman spectra using 780 nm (red laser) excitation for SWNTs 1.1 - 1.3 
(along with unfunctionalized SWNTs) are shown in Figure 1.7. The presence of a 
significant D (disorder) mode at ca. 1295 cm-1 is consistent with sidewall 
functionalization.13 We have shown that the relative intensity of D mode versus the 
tangential G mode (ca. 1595 cm-1) is a measure of both the level of substitution and the 
distribution of substituents. The similarity in the magnitude of the D mode (and the 
calculated substituent concentrations, suggests that the substituents are similarly 
distributed for all three derivatives. 
Conclusions 
In summary, we report that the aqueous solubility of amino acid functionalization 
SWNTs, readily prepared from F-SWNTs, may be controlled through the length of the 
substituents aliphatic chain. We prepared carboxylic acid functionalized SWNTs with 
CswNT:substituent ratio of about 15:1. The stability of the solutions of AHA-SWNT (1.2) 
under physiologically relevant conditions and interaction of AHA-SWNTs with cells 
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merit further study. Additional characterization also needs to be carried out to definitively 
characterize such functionalized carbon nanotubes. 
Experimental 
HiPCo SWNTs produced at Rice University were purified to remove iron and 
other impurities by a previously reported procedure.14 Subsequently, the purified 
SWNTs were fluorinated to a C: F ratio of approximately 2.4:1, by direct fluorination at 
150 °C.15 All reagent grade solvents were obtained from Fisher Chemical and used 
without any further purification. All water was ultrapure (UP) water (Milli-Q system, 
Millipore). Glysine, 6-aminohexanoic acid, 11-aminoundecanoic acid and pyridine were 
obtained commercially (Aldrich) and were used without further purification. 
Raman Spectroscopy was performed using the 780 nm diode laser of a Renishaw 
MicroRaman Spectrometer. The grating used was 1200 1/m with a 10 second exposure. 
The objective used was 50X. Samples SWNTs 1.1 -1 .3 and pristine SWNTs were placed 
on the top of a standard microscope slide. A Quantera XPS scanning microprobe was 
used in collecting the XPS data. The take-off angle was 45°, and a 114.8 W 
monochromatic Al-Ka X-ray source was used for all measurements. Samples (powders) 
were pressed into indium metal. Atomic Force Microscopy (AFM) was performed on a 
Digital Instruments Nanoscope III A microscope in tapping mode with 125 um TESP tips. 
Mica disks (Ted Pella) were mounted with carbon tape onto AFM pucks (Ted Pella). 
Sample SWNTs 1.2 solution (0.01 mg.mL-1) was spun coated onto AFM pucks using an 
EC101DT-R790 photoresist spin coater (Headway Research, Inc.). And wait for 5 min to 
completely dry the sample before imaging. Attenuated total reflectance infrared 
spectroscopy (ATR-IR, 4000 - 600 cm-1) of solids was obtained using a Nicolet Nexus 
670 FT-IR with a diamond window. Samples (powders) were placed onto the diamond 
window before taking scans. Thermogravimetric Analysis (TGA) was performed on a TA 
Instruments SDT 2960 using platinum pans. TGA was used to track weight loss with 
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increasing temperature of the sample placed on a sensitive microbalance located inside a 
furnace where gases are allowed to flow. For the results shown, the furnace was 
programmed to ramp to 100 °C, held for 10 min, and then heat to 800 °C at a rate of 10 
°C.min"1, and held at 800 °C for 10 min in an Ar environment for the functionalized 
SWNTs. TEM images were obtained using a JEOL 2010 Transmission Electron 
Microscope at 100 kV with a JEOL FasTEM system. For TEM image of AHA-SWNTs 
(1.2), 10 uL of concentrated AHA-SWNTs solution in DI-H2O was dropped onto a 
copper coated carbon TEM grid (Electron Microscopy Sciences) and dried thoroughly in 
air before imaging. 
Amino acid Functionalized SWNTs. F-SWNTs (ca. 30 mg) were sonicated in 
DMF (100 mL) for 10 mins., resulting in complete dispersion to form a dark solution. To 
this was added the 6-aminohexanoic acid (600 mg) that was well dispersed in DMF (200 
mL) and 4 - 5 drops of pyridine. The reaction mixture was stirred (under N2) for 5 days 
at 90 °C. The reaction mixture was filtered through a 0.2 um Cole Palmer Teflon® 
membrane and washed with water and acetone to ensure complete removal of unreacted 
6-aminohexanoic acid and reaction byproducts and solvent. The AHA-SWNTs (1.2) were 
dried overnight in vacuum at 70 °C. GLY-SWNT (1.1) and AUDA-SWNT (1.3) were 
prepared by a similar method. 
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Chapter 2 
N M R Characterization of F-SWNTs: Observing sp 3 Sidewall Carbons 
and Assessing Extent of Fluorination 
Introduction 
In Chapter 1, we reported the synthesis of sidewall functionalized SWNTs 
derivative. * As is typical, the characterization of functionalized SWNTs is normally 
accomplished with Raman and IR spectroscopy, TGA, AFM, and TEM. Unfortunately the 
majority of analytical methods employed for the characterization of functionalized 
SWNTs do not actually define a singular product. A similar problem occurs in 
characterizing many nano materials. In the Barron group we have previously needed to 
prepare model compounds characterizable by X-ray crystallography2'3 and compare them 
spectroscopically with analogous nanoparticle derivatives.4 This should be contrasted 
with the typical characterization approach for organic molecules. In the case of amino 
acid functionalized SWNTs, AFM, TEM, IR and TGA do not ambiguously determine 
whether functional groups are covalently bound rather than absorbed onto the SWNT's 
surface. In fact they only can indicate the presence of "something" on the sidewall of the 
SWNTs. Raman spectroscopy does indicate changes in the tube structure since the 
presence of a significant D (disorder mode) at ca. 1300 cm'1 is consistent with sidewall 
functionalization,5 and the relative intensity of D (disorder) mode versus the tangential G 
mode (1550 - 1600 cm-1) is often used as a measure of the level of substitution. However, 
it has been shown that Raman is an unreliable method for determination of the extent of 
functionalization since the relative intensity of the D band is also a function of the 
substituents distribution as well as concentration.6 Thus, while Raman is useful in 
demonstrating the presence of sp3 carbon atoms within the SWNT sidewall, its use for 
quantitative analysis is dubious.6 It would appear, therefore, that it is often difficult to 
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definitively characterize functionalized SWNTs. This state of affairs is in contrast to other 
organic or inorganic molecules (even polymers) where NMR has been successfully used 
as a primary tool for both compositional and structural characterization. 
As would be expected, the low solubility and large size (and hence slow tumbling 
in solution) limits the useful solution NMR studies.7 Prior solid state NMR studies have 
proved useful for the observation of substituents,8>9>10 but less so with regard the 
observation of the important ternary sp3 sidewall carbon atoms,11'12 that would provide 
definitive evidence for covalent attachment. As part of our ongoing studies on the NMR 
characterization of functionalized SWNTs, we were interested in the study of one of the 
simplest examples of substituted SWNTs. 
Fluorinated single walled carbon nanotubes (F-SWNTs)13>14>15 offer advantages 
as a synthon for sidewall functionalized SWNTs with a wide range of functional groups 
by the reaction with organolithium and Grignard reagents or primary amines.16'17'18'19 
Fluorination is accomplished by the direct reaction of purified SWNTs with F2 gas 
diluted in argon, along with HF (proposed to act as a catalyst).14'15 A saturation 
stoichiometry is reached of ca. C2F without destruction of the tube structure. F-SWNTs 
are shown to form meta-stable solutions of individual tubes (as opposed to bundles) in 
DMF, THF, and alcohols, and it is these solvents that are most often employed for further 
functionalization.17-19 Computational and experimental results are ambiguous as to 
whether 1,2-addition20 or 1,4-addition21 of F2 to the sidewall predominates.22 STM 
images indicate that fluorination occurs in bands along the length of the tube;21 however, 
calculations suggest that addition along the SWNT axis should be preferred over that 
around the circumference.22 Irrespective of the arrangement of the F substituents, 
thermolysis of F-SWNTs results in their cleavage into shorter lengths. For example, 
fluorination to a formula of C5F followed by pyrolysis results in the cutting of SWNTs 
into short lengths (20-100 nm).23'24 
Therefore, F-SWNTs serve as a near ideal system for the study of different 
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spectroscopic techniques for both the confirmation and quantification of sidewall 
functional groups on SWNTs. Firstly, covalent functionalization is well accepted and has 
been demonstrated by STM. Secondly, the substituent contains no carbon allowing for 
easy quantification by XPS in order to provide a reference analytical methodology. 
Finally, an individual sample of SWNTs can be prepared with a range of substituent 
concentrations by de-fluorinating the same batch of F-SWNTs at different temperatures. 
Results and Discussion 
HiPCo SWNTs were purified to remove iron and other impurities,25 and 
subsequently fluorinated, to a C:F ratio of approximately 2.4:1, by direct fluorination at 
150 °C by a previously reported procedure.14 The Raman spectra using 780 nm (red laser) 
excitation for F-SWNTs show in addition to the tangential G mode (ca. 1587 cm-1) an 
intense broad D (disorder) mode at ca. 1295 cm-1 consistent with sidewall 
functionalization.26'27'28 
The 50.3 MHz 13C MAS NMR spectrum of a sample of F-SWNTs is shown in 
Figure 2.1. Chemical shifts are relative to glycine carbonyl defined as 176.46 ppm.29 The 
peak at 8 128 ppm is typical of the sp2 carbon of the sidewall of a SWNT.10'11'30 The 
relative areas of the downfield and upfield signals are close to that expected given the 
C:F ratio determined from XPS, suggesting an assignment for the upfield signal of sp3 
carbon atoms attached to fluorine (i.e., C-F). Support for such an assignment is provided 
by literature 13C chemical shift data for relatively simple tertiary alkyl fluorides and 
fluorinated derivatives of Cg0- With a peak maximum of 83.5 ppm, this signal from the F-
SWNTs is about 7-15 ppm upfield of that exhibited by C-F in tertiary alkyl fluorides 
containing 1-fluoroadamantyl, 31 > 32 l-fluorobicyclo[2.2.2]octyl, 33 > 3 4 and 1-
fluorobicyclo[3.3.1]nonyl35 groups and as much as 20 ppm upfield of the signal exhibited 
by C-F in more strained l-fluorobicyclo[2.2.1]heptyl groups.36 However, a peak 
maximum of 83.5 ppm for the F-SWNTs is identical to that reported in the 13C{19F} 
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spectrum of 7h~C6()F24> which has 24 equivalent, isolated CF groups.37 
Pairs of fluorine atoms would be expected to add to the SWNTs in a 1,2- or 1,4-
fashion. Unfortunately, compounds with two or more aliphatic C-F groups appear to be 
rare, thus making it hard to assess the effect of multiple fluorine atoms on the F-SWNTs 
C-F 13C chemical shifts. To determine if the observed peaks could be assigned to either 
1,2- or 1,4-addition, the theoretical 13C NMR shifts have also been calculated for a series 
of substituted F-SWNT fragments.38 In order to simplify calculations a CgoH o^ fragment 
of the 5,5 (armchair) conformation was used. As may be seen from Figure 2.2 the 
experimentally observed spectrum of F-SWNTs (8 84 ppm) is consistent with 
multiple 1,2-additions (ca. 8 82 ppm). We propose that F-SWNTs are predominantly that 
of 1,2-addition products as proposed by Scuseria and co-workers.20 
SWNT sp2 
" f y ^ ^ ^ ^ 
500 400 300 200 100 
8 (ppm) 
0 •100 -200 -300 
Figure 2.1.13C MAS NMR spectrum of F-SWNTs obtained at 50.3 MHz 13C (4.7 T) and 
15 kHz spinning. 4.5-us 90° 13C pulse, 20.5-ms FID (!H decoupling not used), 10-s 
relaxation delay, 8600 scans. FID processed with 50 Hz (1 ppm) of line broadening. 
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Figure 2.2. Calculated 13C NMR shifts for Cg0H2o fragment of the 5,5 (armchair) 
conformation with 1,2-addition by 4 fluorine atoms. 
The ability to quantify the presence of sidewall functionalization by 13C MAS 
NMR provides the potential for studying subsequent reactivity of F-SWNTs. One of the 
simplest reactions of F-SWNTs is their thermal decomposition and the re-formation of 
pristine SWNTs, albeit with the reduction in the length of the SWNTs. F-SWNTs studied 
in this work decompose between 250 and 600 °C with the loss of F2 and fluorine 
containing products. F-SWNTs heated to 400, 450 and 550 °C (see Experimental) have 
been analyzed by 13C MAS NMR, Raman, and IR spectroscopy, and XPS. 
Figure 2.3 shows the 13C MAS NMR spectra of F-SWNTs at various stages of 
thermolysis. It is clear that as thermolysis continues the C-F groups are removed (Table 
2.1). After thermolysis at 550 °C the 13C MAS NMR spectrum is essentially identical to 
that of pristine SWNTs, although XPS indicates the presence of a formula of C ^ F 
(Table 2.1), suggesting that the detection of the side wall functionalized sp3 carbon is 
difficult at low levels of functionalization. 
As may be seen from Figure 2.4, the intensity of the D (disorder) band decreases 
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as the thermolysis temperature increases (Table 2.1). This is consistent with the loss of 
sidewall functionalization, i.e., fluorine. The G band shows a concomitant sharpening and 
increase in intensity. In a similar manner, the IR spectrum (Figure 2.5) shows a loss of the 
C-F stretch at 1100 cm'1. 
Table 2.1. Analysis of F-SWNTs as a function of thermolysis temperature. 
Temperature 
(°C) 
150a 
400 
450 
550 
XPS 
C:F ratio 
2.1 
2.4 
4.24 
14.1 
Raman 
G:D ratio 
0.51 
0.53 
0.54 
1.50 
NMR 
sp2:sp3 ratio*5 
2.3 
4.9 
16 
c 
a
 As prepared F-SWNTs, see Experimental. 
b
 The NMR ratios are only approximate in light of the substantial overlap of the sp2 
carbon and C-F signals and the absence of information on the relative relaxation rates of 
these two types of carbons. 
c
 Not measurable. 
As expected XPS analysis shows a decrease in F content with increased 
temperature (Table 2.1). Furthermore, as has been previously observed high resolution 
Cls and Fls XPS spectra allow for the observation of both C-F and CF2 moieties (Figure 
2.6 and 2.7) .2 2 b>3 9 '4 0 '4 1 Our XPS peak assignment is based on calculated and 
experimental Cls binding energies for carbons in F-SWNTs and model compounds 
(Table 2.2).22b>39,40,41,42,43 Primary chemical shift caused by fluorine: 2.5-3.2 eV, 
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8 (ppm) 
Figure 2.3. 13C MAS NMR spectra of F-SWNTs obtained at 50.3 MHz 13C (a) as 
prepared at 150 °C (parameters as in Figure 1), after heating to (b) 400, (c) 450, and (d) 
550 °C, with 11 kHz MAS used for the heated samples (other parameters as in Figure 
2.1). 
average shift: 2.9 eV. Secondary shift caused by fluorine: 0.4-0.9 eV, average shift: 0.7 eV. 
The Primary shift by an oxygen is about 1.5 eV, we do not normally consider the 
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Figure 2.4. Raman spectra of F-SWNTs (a) as prepared at 150°C and after heating to (b) 
400, (c) 450, and (d) 550 °C. 
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Figure 2.5. ATR-FTIR spectra of F-SWNTs (a) as prepared at 150°C and after heating to 
(b) 400, (c) 450, and (d) 550 °C. 
secondary shift by oxygen.44 The presence of oxygen, which is associated with defects, 
complicated the structural analysis. However, with bands only from CF or CF2, the 
analysis is still accurate. And the level of oxygen in the sample is less than 5%. 
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Table 2.2. Calculated and experimental Cls binding energies for carbons in F-SWNTs 
and model compounds. 
Experimental 
(eV) 
284.3-284.8 
285.8 
286.1-286.7 
286.3 
286.9 
287.1-289.4 
289.3 
287.6 
287.9 
288.3 
289.3 
290.3-291.4 
290.3-291.4 
291.9 
In addition to the observation of multiple fluorine species (where 13C NMR can 
only distinguish the C-F unit), the high-resolution Cls spectra allow for two types of 
SWNT sp2 carbon. A peak at 284.3 - 284.8 eV is due to a "normal" SWNT sidewall sp2 
carbon, while a peak at 285.5 eV can be assigned as being a next-nearest neighbor sp2 
carbon (i.e., C-C-F).45 XPS is useful in characterizing the fine structure of F-SWNTs. At 
450 °C, both bands at 287.1 eV and 288.6 eV are from carbons directly attached to one 
Types of carbons 
and examples 
sp2 carbons 
C-C-F 
c-o 
CH3CH2OH 
CH3CO(0)CH2CH3 
C-F 
C(0)F 
carbonyl 
CH3C(0)CH3 
carboxyl 
CH3C(0)OH 
CF2 
CF3 
co2 
Calculated 
(eV) 
285.0-285.7 
286-286.3 
287.0-289.0 
289.3-290.8 
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Figure 2.6. C l s high-resolution XPS spectra for F-SWNTs (a) as prepared at 150 °C and 
after heating to (b) 400, (c) 450, and (d) 550 °C. 
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Figure 2.7. F l s high-resolution XPS spectra for F-SWNTs (a) as prepared at 150 °C and 
after heating to (b) 400, (c) 450, and (d) 550 °C. 
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fluorine atom. The band at 287.1 eV is from carbon attached to one fluorine atom and 
three other carbon atoms that are not directly attached to fluorine atoms; while the band 
at 288.6 eV is from carbon attached to three other carbon atoms with two of them 
attached to fluorine atoms. A combination of calculation and experimental of XPS study 
is needed to fully understand the structure of F-SWNTs. In fact, our high-resolution Cls 
spectra and deconvolution of F-SWNTs at these different temperatures are very similar to 
one previous study.39 In that paper, the authors simulated the Cls spectrum of F-SWNTs 
using CNDO calculations. And our results are very similar to their calculated spectrum 
with 1,2-addition of fluorines. This confirms that 1,2-addition is the majority additional 
type of fluorine atoms on the S WNTs. 
We noticed major bands of the high-resolution Cls spectra, such as SWNTs sp2 
carbon, C-F and C-C-F are relatively narrow and symmetrical even though there are 
many different kinds of carbon. Probably it is because of the highly symmetrical structure 
of SWNTs. And we observed the high similarity of deconvolution of XPS spectra of 
sample at 400 °C and room temperature, suggesting no major structural change to the 
sample treated at 400 °C. The intensity of peak at 286.1 eV increases, suggesting more 
carbons converted to F-C-C-C-F. From XPS it appears that the CF2 fragments (691.2 eV) 
are eliminated by thermolysis of F-SWNTs between 400 and 450 °C, and major structural 
change happened at 450 °C. It has been proposed that the presence of CF2 is associated 
with cutting sites.23'24 This is also shown in the F-SWNTs XPS, where the concentration 
of CF2 dropped greatly at 400 °C. Thus, our results suggest that the defects that they are 
removed prior to the removal of the majority of sidewall C-F. This would suggest that the 
cutting of F-SWNTs is completed by 450 °C, while the removal of sidewall fluorine 
continues until 600 °C. 
From the Fls high-resolution XPS spectra for F-SWNTs, there are two major 
types of fluorines: semi-ionic (CF) and covalent (CF2). Notice that the separation of Cls 
and Fls from CF peak is a constant (about 398.6 eV), suggesting the samples does not 
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charge at all these different temperatures. 
Unfortunately, quantification is complicated by the presence of a component in 
the peak at 285.5 eV due to oxidation defects in the SWNT.46 Taking these defects into 
account a qualitative measurement can be obtained for the relative abundance of C-F, C-
C-F and "normal" sp2 carbon atoms as a function of thermolysis temperature (Figure 2.8). 
F-SWNTs have been reported to have a band-like structure and the concurrent loss of C-F 
and C-C-F is in agreement with the retention of bands during de-fluorination. 
NMR versus Raman for functional group quantification. As noted in the 
Introduction, the presence of a significant D (disorder mode) has been the primary 
method for determining the presence of sidewall functionalization.26 It has been 
commonly accepted that the relative intensity of D mode versus the tangential G mode is 
a measure of the level of substitution. However, we have demonstrated that the G:D ratio 
is also dependent on the distribution of the substituents. NMR spectroscopy should not 
show a dependence on the distribution of substituents if the peaks due to the sidewall sp2 
and sp3 carbons can be differentiated. 
F-SWNTs offer a near ideal system for the study of different spectroscopic 
techniques for both the confirmation and quantification of sidewall functional groups on 
SWNTs. We have prepared samples with a range of substituent concentrations by de-
fluorinating the same batch of F-SWNTs at different temperatures. Table 2.1 (see above) 
summarizes the changes in the C:F ratio (XPS), the G:D ratio (Raman), and the ratio of 
sp2:sp3 carbon atoms (NMR). The XPS, Raman, and NMR data demonstrate the same 
trend consistent with decreasing substituent (F) content as the thermolysis temperature is 
increased. Figure 2.9 shows a plot of NMR and Raman analysis as a function of the C:F 
ratio in order to ascertain the validity of using these techniques for quantification. The 
extent of functionalization as measured by 13C MAS NMR spectroscopy (sp2:sp3 ratio) 
shows a direct linear correlation with the F concentration. Unfortunately, in the present 
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Figure 2.8. Plot of relative amounts of C-F (•), C-C-F (•) and SWNT sp2 sidewall 
carbon atoms (•) as a function of treatment temperature. 
case problems in peak integration at low levels of functionalization limit the correlation 
to high levels of functionalization. In contrast, the use of Raman spectroscopy to quantify 
the presence of fluorine substituents is clearly suspect. From Figure 2.9 it appears that 
there is essentially no change in the G-band:D-band ratio despite a doubling of the 
functional group level. 
Based upon the data above we propose that 13C NMR spectroscopy is best 
applied for looking at small changes in functionalization at high levels of 
functionalization. In contrast, Raman spectroscopy, and the relative intensity of the G-
and D-bands, does not provide an accurate quantification of small differences at high 
levels of functionalization. This is in agreement with our previous studies that Raman 
gave misleading results with regard to quantification because of the importance of 
substituent distribution in determining the intensity of the D-band. However, Raman does 
allow for quantification of large changes in the extent of functionalization. Due to 
problems in peak integration at low levels of functionalization, NMR is limited more than 
Raman at low functionalization levels. Such problems may be overcome to a degree by 
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Figure 2.9. Plot of C(sp2):C-F(sp3) ratio (•) and Raman G-band:D-band ratio (•) as a 
function of the C:F ratio from XPS. 
the use of larger amount of samples. We propose, therefore, that where a comparison of 
samples with high degree of functionalization is required NMR provides a much better 
quantification than Raman. However, where a comparison between samples with low 
levels of functionalization or large differences in degree of functionalization is required 
Raman provides a much better quantification than NMR. 
Conclusions 
F-SWNTs have been characterized by MAS 13C NMR spectroscopy and the 
results correlated with Raman, IR and X-ray photoelectron spectroscopy measurements. 
The 13C NMR shift for the sp3 fluorine substituted (C-F) carbon atoms of the SWNT 
sidewall is observed at 83.5 ppm. NMR clearly provides a suitable method for 
demonstrating covalent sidewall functionalization of SWNTs. With regard the 
quantification of substituents, we can conclude that 13C NMR spectroscopy is best 
applied for looking at small changes in functionalization at high levels of 
functionalization. We have also shown that further our prior results the use of Raman for 
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quantification of sidewall substituents should be used advisably. 
Experimental 
Purification, fluorination of HiPCo SWNTs, and instrumentation were described 
in the Experimental in Chapter 1. All chemicals were obtained commercially (Aldrich) 
and were used without any further purification. 13C MAS NMR spectra were obtained 
Bruker 200 and 500 MHz spectrometers.10'11 XPS Spectra were fitted to the least number 
of peaks. Peak assignments were based on previously published results.39"46 
The preparation of F-SWNTs after 400 °C heating: Before heating, the reaction 
vessel that holds 100 mg F-SWNTs was purged by argon 30 min at room temperature. 
Then under argon atmosphere, F-SWNTs was heated up to 400 °C and stayed at 400 °C 
for 30 min. The sample was cooled down to room temperature. The preparation of F-
SWNTs after 450 °C and 550 °C were performed in an analogous manner. 
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Chapter 3 
Demonstration of Covalent Sidewall Functionalization of Single Wall 
Carbon Nanotubes by NMR Spectroscopy: Side Chain Length 
Dependence on the Observation of the Sidewall sp3 Carbons 
Introduction 
The technological advances in various microscopies have, in part, enabled the 
characterization of nanomaterials. Despite this ability to "image" individual nanoparticles, 
there are still often significant questions with regard to their characterization. One area 
where ambiguity is often observed is whether a substituent around a nanoparticle is 
covalently bound rather than simply absorbed onto the surface. The determination of 
bonding interactions in molecular compounds has traditionally been accomplished by 
spectroscopic methods, often in combination with structural and computational 
methods.1'2 We have previously applied a combination of spectroscopic methods and 
comparisons with model systems to demonstrate the presence and mode of covalent 
attachment of substituents to ceramic nanoparticles.3'4'5 As part of our investigations into 
the application of single walled carbon nanotubes (SWNTs) in biological 
environments,6'7'8 we have recently undertaken a solid state NMR study of sidewall-
functionalized SWNTs in part to confirm the covalent attachment of the sidewall 
substituents.9'10 
In Chapter 2, our initial studies focused on the characterization of fluorinated 
single walled carbon nanotubes (F-SWNTs) because of the high level of substitution (C:F 
= 2.1:1) and lack of organic substituents making them ideal for identifying the sidewall 
sp3 carbon atoms.9 The 13C NMR shift for the sp3 fluorine-substituted (C-F) carbon 
atoms of the SWNT sidewall is observed at 8 = 83.5 ppm. This shift was confirmed to be 
due to the C-F moieties from ab initio calculations and is in good agreement with the 
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predominance of 1,2-addition rather than 1,4-addition of fluorine. 
As would be expected, the low solubility and large size (and hence slow tumbling 
in solution) limited useful solution NMR studies.11'12 Prior solid state NMR studies have 
proved useful for the observation of substituents13'14'15'16 but, unfortunately, usually less 
so with regard to the observation of the important quaternary sp3 sidewall carbon atoms10 
that would provide definitive evidence for covalent attachment. In one report, the 
quaternary sidewall carbon atoms were clearly detected by obtaining cross polarization 
magic angle spinning (CPMAS) spectra with and without a dephasing delay before FID 
acquisition.16 In this present study, we have followed this approach. Our results 
demonstrate that the length of an organic substituent has a significant effect on the 
observation of quaternary sp3 sidewall carbon atoms, and an unusual mobility is observed 
for long chain substituents in the solid state. These results are described herein. 
Results and Discussion 
Carboxylic acid-functionalized SWNTs were prepared via the reaction of an 
amino acid, NH2(CH2)nC02H, with F-SWNTs (Chapter 1, Scheme l.l).6 Three 
hydrocarbon side chain lengths were prepared from glycine (GLY, n = 1), 6-
aminohexanoic acid (AHA, n = 5), and 11-aminoundecanoic acid (AUDA, n = 10). In 
each case, the C^WNT t 0 substituent ratio is determined by XPS to be in the range 
between 18:1 and 15:1.6 All amino acid-functionalized SWNTs were prepared from the 
same batch of F-SWNTs in order to enable meaningful comparisons of the resulting 
materials. In addition, any iron from the catalyst used to prepare the starting HiPco 
SWNTs was removed during the synthesis of the F-SWNTs and subsequent reactions. 
The 13C MAS NMR spectra were collected for each of the amino acid-
functionalized SWNTs using three different experiments: (a) direct 90° pulse 13C, (b) JH-
13C cross polarization to enhance (highest signal/noise) the signals of carbons that are 
bonded to or near protons, and (c) a cross-polarization experiment with a dephasing delay 
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SWNT sp2 
250 200 150 100 50 0 -50 
8 (ppm) 
Figure 3.1. GLY-SWNT: (a) 90° 13c pulse MAS spectrum (8,600 scans), (b) ^H-^C 
CPMAS spectrum (25,600 scans), and (c) !H-13C CPMAS spectrum with a 50-us 
dephasing interval before FID acquisition (25,600 scans). 
period inserted before FID acquisition to attenuate signals that are from nuclei that are 
directly bonded to lH, in particular -CH- and -CH2-. 
As may be expected, each of the direct 90° pulse 13C MAS NMR spectra (Figures 
3.1a, 3.2a, and 3.3a) show the signal associated with the sp2 carbons of the SWNT (121-
122 ppm), consistent with previous results.9 However, the aliphatic signals in these three 
spectra vary greatly in their intensities. No signal for aliphatic (CH2) carbon is observed 
for GLY-SWNT (Figure 3.1a), while a weak, broad signal is seen for the various CH2 
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SWNTsp2 
250 200 150 100 50 0 -50 
8 (ppm) 
Figure 3.2. AHA-SWNT, only a partially filled rotor: (a) 90° 13C pulse MAS spectrum 
(20,400 scans), (b) !H-13C CPMAS spectrum (25,400 scans), and (c) lH-13C CPMAS 
spectrum with a 50-jxs dephasing interval before FID acquisition (25,400 scans). 
carbon atoms in AHA-SWNT (Figure 3.2a), even though there was less material in the 4 
mm rotor. In contrast, a proportionately much stronger aliphatic signal is observed from 
AUDA-SWNT (Figure 3.3a). In addition, the spectrum for AUDA-SWNT clearly 
exhibits a carbonyl signal. 
The ^ - ^ C CPMAS spectra show greatly differing enhancements in the signals 
of carbons that are bonded to protons. The CH2 group in GLY-SWNT gives a barely 
detectable broad hump (Figure 3.1b). In contrast, the CPMAS spectrum for AHA-SWNT 
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8 (ppm) 
Figure 3.3. AUDA-SWNT: (a) 90° 13C pulse MAS spectrum (8,360 scans), (b) !H-13C 
CPMAS spectrum (15,000 scans), and (c) !H-13C CPMAS spectrum with a 50-us 
dephasing interval before FID acquisition (15,000 scans). 
clearly shows a signal for the various CH2 carbon atoms (Figure 3.2b), even though there 
was not enough material available to fill the rotor (vide supra). In addition, aliphatic 
signal intensity is also clearly present downfield of the region where the CH2 signals 
would be expected. The broad signal from about 140-190 ppm encompasses the range 
expected for a carboxylic acid (CO2H) group, such as that associated with the amino acid. 
The CPMAS spectrum for AUDA-SWNT shows an exceptionally high signal-to-
noise (S/N) for a functionalized SWNT (Figure 3.3b). As may be seen from Figure 3.3b, 
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the methylene signal is very strong, while the SWNT sp2 signal is weak. In addition, 
there is a clearly recognizable CO2H signal (about 175 ppm). 
As expected, 17 > 18 the 50-us dephasing interval in the dipolar dephasing 
experiment greatly attenuates or eliminates the methylene carbon signals in the 
functionalized SWNTs. In the GLY-SWNT sample, the barely detectable broad hump for 
the CH2 group in the standard CPMAS spectrum (Figure 3.1b) is gone (Figure 3.1c). 
Similarly, in the AHA-SWNT sample, the signal for the various CH2 carbons in the 
standard CPMAS spectrum (Figure 3.2b) is gone (Figure 3.2c). In the AUDA-SWNT 
sample, the intense signal for the various CH2 carbons in the standard CPMAS spectrum 
(Figure 3.3b) is strongly attenuated, but not eliminated (Figure 3.3c). That any CH2 
carbon signal intensity remains is noteworthy because with the same dephasing interval, 
the CH2 carbon signal completely decays in the corresponding amino acids, 
H2N(CH2)nC02H, n = 1, 5, or 10, and in (C6H5)3C-NHCH2C02H. Thus, the methylene 
carbons in AUDA-SWNT appear to have somewhat more motional freedom than in the 
corresponding model compound and than in the shorter chain AHA-SWNT and GLY-
SWNT. The longer methylene chains in AUDA-SWNT may be better at separating the 
nanotubes and creating more space in which the chains can flop around (particularly 
towards the carboxyl end) in this disordered solid. In contrast, in the well defined organic 
compound stearic acid [CH3(CH2)igC02H], the methylene carbon signals completely 
decay after a 50-us dephasing interval.19 
A signal is not clearly detected for the nanotube quaternary sp3 carbon bonded to 
nitrogen in any of Figures 3.1c, 3.2c, or 3.3c. This signal, which would clearly be 
expected downfield of the signal from the methylene carbons, would be broadened or 
split because it is bound to 14N, thus making it more difficult to detect.20'21 
Comparing the spectra in Figures 3.1-3.3 indicates that 13C MAS NMR can more 
readily characterize amino acid-functionalized SWNTs if the substituent is longer. Thus, 
it appeared that where substituent chains are short and limit the amount of NMR 
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information that can be obtained, chemical functionalization to extend the chain length 
might be beneficial. In this regard, we have investigated the esterification of the 
carboxylic acid termini. In order to compare the effect of chain length as opposed to the 
esterification reaction itself, each amino acid-functionalized SWNT was esterified with 
an appropriate alcohol to ensure parity of the overall substituent length, i.e., GLY-SWNT 
was reacted with 1-dodecanol (C t + C12), AHA-SWNT was reacted with 1-octanol (C5 + 
C8), and AUDA-SWNT was reacted with 1-propanol ( C ^ + C3). The esterification 
reaction was carried out in DMF using a 1,3-dicyclohexylcarbodiimide (DCC) catalyst 
(Scheme 3.1),22 followed by careful washing to ensure complete removal of unreacted 
alcohol, catalyst, and solvent (see Experimental). 
DMF, DCC 
25 °C 
• [NH(CH2)nC02H]z + HO(CH2)n.X 24 h. 
•[F], H,0 
•[NH(CH2)nC(0)0(CH2)n.X]z 
-[NH(CH2)nC02H]z. 
-[F]y 
n = 1, n' = 11, X = CH3 (DOD-GLY-SWNT, 3.1) 
n = 5, n' = 7, X = CH3 (OCT-AHA-SWNT, 3.2) 
n = 10, n' = 2, X = CH3 (PRO-AUDA-SWNT, 3.3) 
n = 10, n' = 3, X = OH (PPD-AUDA-SWNT, 3.4) 
z/(z+z') = esterification yield 
Scheme 3.1. Esterification of amino acid-SWNTs. 
The Raman spectra of each amino acid-functionalized SWNTs and their 
associated ester products (3.1 - 3.3) are shown in Figure 3.4. As may be seen, there is 
little difference in the D:G ratios between the amino acid and associated ester derivatives. 
This suggests that no additional functional groups have been added per SWNT and that 
any reactivity has not resulted in removal of the amino acid linkages. In contrast, the IR 
spectra show the expected increase in the intensity for the aliphatic C-H) stretch, which is 
consistent with the increased organic content after esterification (Figure 3.5). This is 
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Figure 3.4. Raman spectra of (a) GLY-SWNTs, (b) DOD-GLY-SWNTs (3.1), (c) AHA-
SWNTs, (d) OCT-AHA-SWNTs (3.2), (e) AUDA-SWNTs, and (f) PRO-AUDA-SWNTs 
(3.3), showing the similarity in D:G ratio between the amino acid and associated ester 
derivatives. 
particularly apparent for the GLY-SWNT versus DOD-GLY-SWNT (3.1). In addition to 
the increase in the relative intensity of the aliphatic stretch, each of the ester derivatives 
shows peaks at ca. 1200 cm"1 and 1735 cm-1 consistent with the ester's "-C(0)-0-" and 
C=0 groups. 
The thermogravimetric analysis (TGA) of each sample shows a steady mass loss 
between 200 and 600 °C in a manner typical of sidewall functionalization. The extent of 
sidewall functionalization is often estimated from the relative mass loss associated with 
the TGA; however, in the present case, a comparison between the parent amino acid-
functionalized SWNT and its ester counterpart provides a measure of the esterification 
yield, i.e., how many of the possible carboxylic acid groups have been esterified. Figure 
3.6 shows a representative comparison between GLY-SWNT and DOD-GLY-SWNT (3.1). 
Based upon the TGA, the esterification yields can be calculated: DOD-GLY-SWNT(35%), 
OCT-AHA-SWNT (70%), and PRO-AUDA-SWNT (80%). The yield of DOD-GLY-
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Figure 3.5. IR spectra of (a) GLY-SWNTs, (b) DOD-GLY-SWNTs (3.1), (c) AHA-
SWNTs, (d) OCT-AHA-SWNTs (3.2), (e) AUDA-SWNTs, and (f) PRO-AUDA-SWNTs 
(3.3). 
SWNT can be improved by repeated esterification reactions; however, the original yield 
is sufficient for the 13C NMR study (see below). 
Transmission electron microscopy (TEM) confirms the presence of surface-
roughened esterified SWNTs (Figure 3.7), although it is difficult to discern any 
significant difference with the parent amino acid-functionalized SWNTs. Figure 3.8 
shows representative atomic force microscopy (AFM) image and height measurements of 
a single tube of OCT-AHA-SWNTs (3.2) confirming the presence of individual SWNTs 
and showing the presence of regions of functionalization along the SWNT. We have 
previously shown6 that the measured heights of the functionalized regions for AHA-
SWNTs {ca. 2.0 nm) as compared to the SWNT diameter (ca. 1 nm) are consistent with 
the calculated length of N(H)(CH2)5C02H (molecular modeling with Chem 3D) in an 
extended conformation (1 nm). The cross sectional height measurement of the OCT-
AHA-SWNT in Figure 3.8 shows three distinct regions. First, is a region associated with 
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Figure 3.6. TGA of (a) GLY-SWNT and (b) DOD-GLY-SWNT (3.1). 
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the unfunctionalized SWNT (0.83 nm); second, is a region consistent with the amino acid, 
N(H)(CH2)5C02H, functionalization (1.7 nm); and third, is a region with a height of 2.6 
nm (Figure 3.8). The latter height is consistent with the calculated length of 
N(H)(CH2)5C(0)0(CH2)7CH3 in an extended conformation (1.9 nm). Based upon the 
foregoing, the analytical data is consistent with the esterification of the amino acid-
functionalized SWNTs, extending the sidewall functional groups' chain length. 
As with the amino acid-functionalized SWNTs, their ester derivatives were 
characterized by 13C MAS NMR spectra using (a) direct 90° pulse 13C, (b) lU-l3C 
CPMAS, and (c) dipolar dephasing experiments. As may be expected given the greater 
number of CH2 groups, the signal associated with the aliphatic (CH2) carbon is much 
more clearly observed in both the direct 90° pulse 13C MAS spectrum and the ^ - ^ C 
CPMAS spectrum of DOD-GLY-SWNT (3.1) (Figures 3.9a and b, respectively) than in 
of GLY-SWNT (Figures 3.1a and b). Unlike GLY-SWNT (Figure 3.1c), the dipolar 
dephasing spectrum of DOD-GLY-SWNT shows some intensity for the aliphatic carbons 
(Figure 3.9c) in a similar manner to that observed for AUDA-SWNT (Figure 3.3c). 
"•a ' . ' • f i ' a r ' ' ' T 
Figure 3.7. TEM image of OCT-AHA-SWNTs (3.2). 
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Figure 3.8. Representative tapping mode AFM image and height profile of OCT-AHA-
SWNTs (3.2). 
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Figure 3.9. DOD-GLY-SWNT (3.1), only a partially filled rotor (a) 90° 13C pulse MAS 
spectrum (34,000 scans), (b) !H-13C CPMAS spectrum (51,000 scans), and (c) !H-13C 
CPMAS spectrum with a 50-us dephasing interval before FID acquisition (51,000 scans). 
Qualitatively similar results are observed for OCT-AHA-SWNT (3.2) (Figure 
3.10), where a large increase in the intensity of the aliphatic peak is also seen in the !H-
13C CPMAS spectrum (Figure 3.10b). Just as the precursor AHA-SWNT gave a broad, 
downfield signal encompassing the range for carboxylic acid groups (Figure 3.2b), 3.2 
gives a broad, downfield signal encompassing the range for ester carbonyl groups (Figure 
3.10b). Of particular significance, however, is the emergence of a weak signal from about 
68-81 ppm consistent with sidewall sp3 C-N generated upon functionalization. This 
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Figure 3.10. OCT-AHA-SWNT (3.2): (a) 90° 13C pulse MAS spectrum (25,600 scans), 
(b) iH-^C CPMAS spectrum (75,000 scans), (c) iH-^C CPMAS spectrum with a 50-us 
dephasing interval before FID acquisition (110,000 scans), and (d) lH-l3C CPMAS 
spectrum with an 80-us dephasing interval before FID acquisition (110,000 scans). 
signal is downfield of where the ester -O-CH2- signal would be expected (the most 
deshielded aliphatic signal from the side chain). For example, ra-propyl stearate gives an -
OCH2- signal at 8 65.8 relative to TMS in CDC13 and at 8 65.0 as a solid relative to solid 
glycine carbonyl defined as 8 176.46,23 and w-butyl butanoate gives an -OCH2- signal at 
8 64.1.24 A distinctive signal from about 70-80 ppm was not detected in the precursor 
AHA-SWNT (Figure 3.2b). 
64 
Figure 3.11. Calculated structure of 5,5 SWNT Cgot^o fragment with two N-methyl 
amino (-NH-CH3) groups (1,2-addition). 
Ab initio calculations (Figure 3.11) of the chemical shift for the sidewall sp3 
carbon atoms on an eighty-carbon fragment of the 5,5 (armchair) SWNT with 
substitution of an N-methyl amine (-NH-CH3) (e.g., Figure 3.12) suggest the closest 
model for the observed spectra is 1,2- (as opposed to 1,4-) substitution of at least four 
amines. The calculated shifts for four adjacent 1,2- substituents are 8 = 67 and 64 ppm. 
Given that this is for a limited substitution and on a single chirality SWNT, this result is 
in good agreement with experimental observation of a broad feature at 68-81 ppm. The 
closest model compounds for the sidewall sp3 C-N generated upon functionalization of a 
SWNT may be a fullerene derivatized with amines (ideally, primary amines). Numerous 
amine derivatives of Cgo*25'26'27'28 including derivatives with primary amines,25"27 give 
fullerene sp3 C-N signals with chemical shifts that strongly support the SWNT sidewall 
sp3 C-N assignment for OCT-AHA-SWNT (3.2). The quaternary aliphatic carbon of 
(C6H5)3C-NHCH2C02H gives a signal at 8 71.6 relative to TMS in acetone-^. 
There have been relatively few theoretical studies on 13C NMR of SWNTs. One 
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Figure 3.12. Calculated 13C NMR shifts for (a) C80H20 fragment of the 5,5 (armchair) 
conformation, and as a result of (b) 1,2-addition by two N-methyl amino (-NH-CH3) 
groups, (c) 1,4-addition by two N-methyl amino (-NH-CH3) groups, (d) 1,2-addition by 
four N-methyl amino (-NH-CH3) groups, and (e) 1,4-addition by four N-methyl amino (-
NH-CH3) groups. 
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of the studies used Hartree-Fork (HF) theory primarily to minimize the computational 
cost of the calculations.29 And the results show that the relatively low levels of theory 
(such as HF/3-21G) provide relatively accurate chemical shifts (< 7 ppm) compared with 
more accurate correlated methods. This is presumably because of the error cancellation 
between the shielding constant of the probe and the reference.30 In addition, our previous 
studies on 13C NMR calculations of fluorinated SWNTs with the same level of theory 
show good agreement with experimental results.9 
The dipolar dephasing spectrum of OCT-AHA-SWNT (3.2) is noteworthy for the 
amount of methylene carbon signal intensity remaining after a 50-|as dephasing interval 
(Figure 3.10c). None was detected with the precursor AHA-SWNT (Figure 3.2c). 
Esterification resulted in significantly longer side chains that appear to be better at 
separating the nanotubes and creating more space in which the chains can flop around. 
With an 80-us dephasing interval, the methylene carbon signal has essentially completely 
decayed (Figure 3.10d). With an esterification yield for OCT-AHA-SWNT (3.2) twice 
that for DOD-GLY-SWNT (3.1) (70% vs. 35%), 3.2 has a higher proportion of the long 
side chains. Thus, the nanotubes should be better separated in 3.2, consistent with the 
apparently greater mobility of the side chains in 3.2. 
The direct 90° pulse 13C MAS NMR spectra of PRO-AUDA-SWNT (3.3) (Figure 
3.13a) and OCT-AHA-SWNT (3.2) (Figure 3.10a) are qualitatively similar, although the 
aliphatic and carbonyl signals are more apparent with the former. As with 3.2, the !H-13C 
CPMAS spectrum of 3.3 shows both the ester carbonyl group (167-180 ppm, Figure 
3.13b) and the sidewall sp3 C-N site (69-79 ppm, Figure 3.13b), with the latter signal 
clearly evident after 51,000 scans. In contrast, the sidewall sp3 C-N site had not been 
clearly detected in the corresponding spectrum of the precursor AUDA-SWNT after 
15,000 scans (Figure 3.3b). However, obtaining a CPMAS spectrum of unreacted AUDA-
SWNT with a higher S/N ratio revealed (Figure 3.14, 82,000 scans) a weak, broad signal 
centered at about 73 ppm, consistent with the sidewall sp3 C-N site. In contrast, this 
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signal could not be clearly detected in either the standard CPMAS or dipolar dephasing 
spectra of DOD-GLY-SWNT (3.1) or GLY-SWNT, even though the CSWNT:substituent 
ratio is similar for GLY-SWNT, AHA-SWNT, and AUDA-SWNT. The difficulty in 
CPMAS NMR detection of the sidewall sp3 C-N site in the amino acid-functionalized 
SWNTs is similar to the situation encountered with Cgo bound to a polystyrene derivative 
through its pendant primary amines: for this polymer bound €50, the analogous Cgo sp3 
C-N site was not detected by CPMAS NMR.31 
SWNTsp2 
250 200 150 100 50 0 -50 
8 (ppm) 
Figure 3.13. PRO-AUDA-SWNT (3.3): (a) 90° 13C pulse MAS spectrum (33,000 scans), 
(b) JH-13C CPMAS spectrum (51,000 scans), (c) !H-13C CPMAS spectrum with a 50-us 
dephasing interval before FID acquisition (51,000 scans), and (d) lU-l3C CPMAS 
spectrum with an 80-fo.s dephasing interval before FID acquisition (51,000 scans). 
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Figure 3.14. AUDA-SWNT (15 mg): iH-^C CPMAS spectrum (82,000 scans). Inset 
shows an expanded plot of the region from 260 to 40 ppm. 
As was the case with OCT-AHA-SWNT (3.2), the dipolar dephasing spectrum of 
PRO-AUDA-SWNT (3.3) is noteworthy for the amount of methylene carbon signal 
intensity remaining after a 50-us dephasing interval (Figure 3.13c). Indeed, the 
methylene carbon signal intensity is less attenuated than in the dipolar dephasing 
spectrum of the precursor AUDA-SWNT (Figure 3.3c), thus suggesting even more 
mobility in the PRO-AUDA side chain than in the AUDA side chain. The combination of 
chain lengthening and higher esterification yields (80% for 3.3) results in more separation 
of the nanotubes, in light of the dipolar dephasing spectra indicating that side chain 
mobility increases in the order AHA-SWNT < AUDA-SWNT < OCT-AHA-SWNT < 
PRO-AUDA-SWNT. Even with an 80-us dephasing interval, some aliphatic intensity 
clearly remains for PRO-AUDA-SWNT (Figure 3.13d). 
In order to demonstrate that the slowly decaying aliphatic signal in the dipolar 
dephasing spectra for 3.1-3.3 results from CEb groups rather than from an unusually 
deshielded terminal CH3 group (which would be expected to decay much more slowly17), 
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Figure 3.15. PPD-AUDA-SWNT (3.4): (a) 90° 13C pulse MAS spectrum (15,400 scans), 
(b) 1H-13C CPMAS spectrum (34,200 scans), (c) iH-^C CPMAS spectrum with a 50-us 
dephasing interval before FID acquisition (34,200 scans), and (d) !H-13C CPMAS 
spectrum with an 80-us dephasing interval before FID acquisition (34,200 scans). 
we prepared the ester of AUDA-SWNT with 1,3-propanediol to yield PPD-AUDA-
SWNT (3.4). As may be seen in Figure 3.15, replacing the CH3 group with a CH2OH 
group does not significantly alter the various spectra as compared to those from 3.3. In 
particular, a comparable amount of aliphatic signal intensity remains with a 50-us 
dephasing interval (Figure 3.15c). In addition, the propyl methyl carbon chemical shift of 
H-propyl stearate is clearly upfield of the aliphatic signal from 3.3 (Figures 3.13c and d). 
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Figure 3.16. Schematic representations of the SWNT-SWNT inter-bundle distance and 
side chain mobility as a function of side chain length. 
Thus, the slowly decaying aliphatic signals in the dipolar dephasing spectra of 3.3 must 
be from methylene carbons. 
The variable that appears to show a consistent effect in controlling the relaxation 
of the aliphatic carbons is chain length. Short chain lengths (e.g., GLY-SWNT and AHA-
SWNT) should result in relatively tight bundling of functionalized SWNTs in the solid 
state (Figure 3.16a). In contrast, functionalized SWNTs with longer chained substituents 
will be held further apart (Figure 3.16b). AFM, TEM, and Raman suggest that the amino 
acid (and hence ester) moieties are distributed along the sidewall, we propose that void 
spaces are present between the SWNTs in the solid state. Thus, the freedom of movement 
of the chain will be greater for longer functional groups, and the relaxation of the 
aliphatic carbon atoms would approach that of the "liquid" or "molten" state, resulting in 
a more slowly decaying aliphatic signal in the dipolar dephasing experiment.32 
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Conclusions 
Given that SWNTs are often discussed as "molecules" it is strange that NMR has 
not been used more to characterize functionalized SWNTs. NMR is probably the most 
powerful and readily applied characterization method for organic and organometallic 
compounds - solid state NMR has been used extensively for inorganic solids,33 but 
NMR's use in nano is limited. In particular the observation of sp3 carbon would go a long 
way to confirm the sidewall functionalization of SWNTs. 
We report that the MAS 13C NMR spectrum of sidewall functionalized SWNTs 
are highly dependent on the length of the substituents chain. Initially using a long 
carboxylic acid or increasing the substituent length through subsequent chemical reaction 
(without additional substitution of the SWNT) allows for the confirmation of the covalent 
nature of the substituent on the SWNT. We propose that the use of such an approach will 
be useful in the further characterization of functionalized SWNTs. 
The increase in the side chain length has the additional result of creating more 
space in which the chains can flop around allowing for somewhat more motional freedom 
of the side chain than expected at ambient temperature in the solid state. This is observed 
via the unusual retention of methylene carbon signal intensity in the dipolar dephasing 
spectrum. We propose that this observation could be used as a method of studying the 
solid-state interactions between functionalized SWNTs or between functionalized 
SWNTs and matrix materials. 
Experimental 
See Chapter 1 for raw HiPco SWNTs, purification of SWNTs, F-SWNTs, GLY-
SWNTs, AHA-SWNTs, and AUDA-SWNTs information and instrumentation. 1,3-
dicyclohexylcarbodiimide (DCC), 1-propanol, 1,3-propanediol, 1-octanol, and 1-
dodecanol were obtained from Aldrich and used as received. 
13C MAS spectra were obtained on a Bruker AVANCE-200 NMR spectrometer 
72 
(50.3 MHz 13C, 200.1 MHz lH), as previously described.9'10'15'16-34 Chemical shifts are 
reported relative to the carbonyl carbon of glycine defined as 176.46 ppm.34 Basic 1H-
13C CPMAS spectra were obtained with a 4 mm outer diameter rotor spinning at 7 kHz, 
1-ms contact time, 29.3-ms FID, and 5-s relaxation delay. The dipolar dephasing spectra 
differed from the basic *H-13C CPMAS spectra in that after CP, two dephasing periods of 
equal length (usually 25 (j.s each) with a 180° 13C refocusing pulse in the middle were 
used before FID acquisition in order to eliminate or severely attenuate signals from 13C 
nuclei experiencing strong 13C-*H dipole-dipole interactions. Direct 13C pulse MAS 
spectra were obtained with the 4 mm rotor spinning at 11 or 12 kHz, 4.3-fxs 90° 13C pulse, 
20.5-ms FID, and 10-s relaxation delay. All FIDs of functionalized SWNTs were 
processed with 50 Hz (1 ppm) of line broadening. The number of scans used to obtain 
each spectrum is indicated in the figure captions. Unless otherwise noted, enough of each 
functionalized SWNT was available to fill the rotor. 
DOD-GLY-SWNTs (3.1). GLY-SWNTs (ca. 30 mg) were sonicated in dry DMF 
(300 mL) for 30 min, resulting in a dark solution with complete dispersion. DCC (41.4 
mg) and 1-dodecanol (37.3 mg) were added to the solution. The reaction mixture was 
stirred under argon for 24 h at room temperature. After the reaction, the solution was 
vacuum filtered through a 0.2 um pore size membrane, and flushed with large amount of 
acetone, toluene and chloroform to ensure complete removal of unreacted 1-dodecanol, 
reaction catalyst, by-product and solvent. Then the sample was dried overnight under 
vacuum at 70 °C. OCT-AHA-SWNTs (3.2), PRO-AUDA-SWNTs (3.3), and PPD-
AUDA-SWNTs (3.4) were prepared using the appropriate alcohol: 1-octanol, 1-propanol, 
and 1,3-propanediol, respectively. 
Calculations were carried out using the Gaussian 03, revision C.02 (Windows 
version), suite of programs. 35 Geometry optimization on the Cgo^o and the 
functionalized fragment was performed by HF/STO-3G Subsequently the 13C nuclear 
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shielding was computed by HF/3-21G To determine the NMR shift values, the NMR 
shielding tensor of TMS at the same level of theory was calculated. The difference 
between the carbon magnetic shielding in TMS and SWNT fragment was the calculated 
13C NMR shift in the SWNT fragment. 
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Chapter 4 
Solubility of AHA-SWNTs and Biological Interactions in Human 
Epidermal Keratinocytes 
Introduction 
There has been increasing interest in exploring the biological application of 
SWNTs.1 SWNTs have a diameter of 1 nm and the length can range from several hundred 
nanometers to more than 1 um, making them ideal for intracellular interactions. A wide 
range of biological application of SWNTs has been studied. SWNTs can serve as 
translocators for therapeutic molecules in drug delivery.2 They have also been used in 
medical imaging.3 Selective cell destruction has been achieved by functionalizing 
SWNTs with a folate moiety, thereby causing selective internalization of the SWNTs into 
cells labeled with a folate receptor tumor marker. After near-infrared (NIR) radiation, 
extensive Hela cell death was observed.4 
Another area that has attracted much attention of study is the assessment of the 
cytotoxicity and environmental safety of SWNTs. Without knowing their impact on 
biological systems, including humans and the environment, SWNTs can not be put into 
realistic applications. SWNTs can enter the body by inhalational, ingestion or dermal 
routes. Studies have focused on the inhalation toxicity of SWNTs in mice and in rats after 
intratracheal instillation. 5 >6 Studies have also been conducted with SWNTs in 
immortalized HaCaT cells, which depicted an increase in oxidative stress, a decrease in 
glutathione, and a depletion of vitamin E. 7 There are several reports on a 
proinflammatory response when cells are dosed with carbon nanotubes.8 
Although SWNT have a broad potential application in biomedicine, SWNTs 
readily aggregate in aqueous culture medium due to their strong van der Waals 
interactions between adjacent nanotubes. Sidewall functionalization has been used to 
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solubilize SWNTs in water and to promote their action as nanovectors for the delivery of 
therapeutics.9 An additional advantage of functionalization of SWNTs is their reduction 
in toxicity. For example, SWNTs functionalized with an additional carbon/-phenyl-S03H 
has been shown to be less cytotoxic than non-functionalized SWNTs in human dermal 
fibroblasts.10 
In order to improve the water solubility of SWNTs and thus develop the SWNTs 
to be considered as nanovectors in a biocompatible system, we have synthesized 6-
aminohexanoic acid-functionalized SWNTs (AHA-SWNTs) and found them to be soluble 
at 0.5 mg.mL"1 in water.11 By creating water-soluble SWNTs, they become more 
biocompatible for physiological relevant systems. However, despite the broad potential in 
drug delivery, the viability and toxicity of these functionalized SWNTs has not been 
demonstrated. Furthermore, it has been generally assumed that the solution properties of 
functionalized SWNTs in aqueous media would be an indication of their properties within 
a cell. In Chapter 1, we studied the chain length dependence of aqueous solubility of 
amino acid functionalized SWNTs, and found the SWNTs can only be dispersed with 
certain substituent chain length (AHA-SWNTs). In this Chapter, we examine the aqueous 
solubility of AHA-SWNTs at wide pH range and under physiological relevant conditions. 
We treated human epidermal keratinocytes (HEKs) with different concentrations of AHA-
SWNTs with different time length to assess the cell viability and cytotoxicity of AHA-
SWNTs in HEKs and to determine the biological effects of the cells with the presence of 
AHA-SWNTs. 
Results and Discussion 
The AHA-SWNTs show aqueous solubility at a wide pH range from 4 to l l . 1 1 
HEK viability assessed by MTT in treatments ranging from 0.00000005 to 0.05 mg.mL"1 
concentration showed a significant decrease (p < 0.05) that was dose dependent from 
0.00005 to 0.05 mg.mL-1 at 24 h (Figure 4.1).15 AHA-SWNTs at 0.000005 mg.mL"1 was 
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the highest concentration that did not show a significant decrease in viability at 24 h. At 
0.0000005 mg.mL-1 AHA-SWNTs, viability continued to decrease significantly at 48 h 
(Figure 4.1). The study has shown that AHA-SWNTs did not show cytotoxicity until the 
0.00005 mg.mL"1 concentration, which led to a decrease in viability at 24 h compared to 
controls.15 The synthesis of SWNTs requires a catalyst. In this case, there is Fe catalyst in 
HiPco SWNTs as received. It is necessary to use pure SWNTs with little or no residual 
catalysts in our cell viability study. The SWNTs in this study were purified by a 
previously reported procedure and the iron concentration was below 0.01%.12 Thus, the 
inflammatory response of HEKs was probably not due to the catalysts. 
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Figure 4.1. MTT viability of AHA-SWNTs. Mean viability at 24 and 48 h. Histogram 
with different letters (A, B, and C for 24 h; d to h for 48 h) denote mean values that are 
statistically different at p < 0.05. 
At 24 h, TEM of HEKs treated with 0.000005 mg.mL"1 AHA-SWNTs showed 
minimal uptake of the AHA-SWNTs (Figure 4.2). In contrast, TEM of HEKs dosed with 
the highest concentration, 0.05 mg.mL"1, depicted several cells containing large 
aggregates of the AHA-SWNT within intracytoplasmic vacuoles (Figure 4.3). At 24 h, at 
# • • : • 
# 
Figure 4.2. Transmission electron micrograph of HEKs treated with 0.000005 mg.mL" 
of AHA-SWNTs at 24 h. Arrow depicts aggregated AHA-SWNTs. 
Figure 4.3. Transmission electron micrograph of HEK dosed with 0.05 mg.mL"1 of 
AHA-SWNTs at 24 h. Arrows show multiple large vacuoles containing aggregated AHA-
SWNTs in HEKs. 
Figure 4.4. Transmission electron micrograph of HEK dosed with 0.05 mg.mL"1 of 
AHA-SWNTs at 24 h. (left) Note several vacuoles containing 0.05 mg.mL"1 AHA-
SWNTs (arrow and arrowhead), (right) Higher magnification of the arrowhead region in 
the left image shows large aggregations and small fine aggregates (arrow). 
0.05 mg.mL-1, AHA-SWNTs can readily aggregate within cytoplasmic vacuoles (Figure 
4.4). It is of interest that not only aggregated AHA-SWNT were noted but structures 
smaller than 10 nm were also present. The aggregation of AHA-SWNTs in the HEKs 
could be the reason for the inflammatory response of HEKs when dosed with AHA-
SWNTs. Then what causes the aggregation of AHA-SWNTs in the cells while they 
depicted high solubility in aqueous media between pH 4 and 11? 
The solubility of AHA-SWNTs is pH dependent. Under acidic conditions (pH < 
3), AHA-SWNTs is insoluble (Figure 4.5). Neutralization of the sample causes the 
SWNTs to dissolve (unless the ion concentration is too high, see below), while 
subsequent re-acidification causes rapid precipitation. In contrast, raising the pH of a 
solution above pH = 11 results in the slow precipitation of the SWNTs over 5 hours 
(Figure 4.5). The resulting solid does not re-dissolve once the pH is reduced by the 
addition of acid. Analysis of the dried SWNTs isolated from a pH 13 solution shows it to 
be identical to the starting sample, and that no decomposition of the sample has occurred. 
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Figure 4.5. Photograph of AHA-SWNT (1.2) samples at pH 1, 3, 5, 7, 9, 11, and 13 (a -
g, respectively), and a concentrated (0.5 mg.mL-1) solution in di-H20 (h). 
(a) 
- - H — 
H - -
(b) 
Figure 4.6. Schematic representation of the proposed aggregation of AHA-SWNTs (1.2) 
under (a) acidic and (b) basic conditions. 
Figure 4.7. Precipitation (b) of AHA-SWNTs (1.2) from pH = 9 solution (a). 
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If the solute is decanted from a pH 13 sample and the solid is filtered it will re-dissolve in 
neutral water. Based upon the forgoing and the relative pIQ of aliphatic carboxylic acids 
we propose AHA-SWNTs is fully protonated below pH = 3, i.e., AHA-SWNTs are close 
to neutral. The inter-molecular hydrogen bonding of carboxylic acids is well known and 
we propose that under acidic conditions the AHA-SWNTs form hydrogen-bonded 
aggregates that are insoluble (Figure 4.6a). This aggregation is readily reversed by 
alteration of the pH. For 3 < pH < 11 the AHA-SWNTs are anionic and as such repel each 
other to form a homogeneous solution. The lack of solubility under basic conditions is 
not due to any chemical alteration of the SWNTs but is a function of the ionic strength of 
the solution. Precipitation can occur with addition of NaOH (pH =13) and equally well 
with NaCl at pH = 9 (Figure 4.7). In both cases the precipitation reaction is slow, and not 
reversed by addition of acid. We propose that in these cases the insolubility is due to 
aggregation of SWNTs mediated by the presence of a critical concentration of cations 
(Figure 4.6b). 
In the dissolution process, not only the van der Waals forces are operating. In the 
case of AHA-SWNTs, the surface is negatively charged at pH > pKa. Thus, SWNTs can 
be prevented from coalescing by repulsive electrostatic forces. The final surface charge is 
balanced by an equal but oppositely charged region of counterions, which forms the so-
called diffuse electrical double layer.13 This electrostatic potential between surfaces in 
electrolyte solutions (solutions containing inorganic salts) decays with a characteristic 
length, known as the Debye length, 1/K. The magnitude of the Debye length does not 
depend on any property of the surface such as its charge or potential. At 25 °C, the Debye 
length of an aqueous solution is determined by the following equations.13 
1/K = 0.304/[MX]1/2 nm (for 1:1 electrolyte) (4.1) 
1/K = 0.176/[MX2]1/2 nm (for 2:1 electrolyte) (4.2) 
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In order to study the Debye length and critical concentration of salts for AHA-
SWNTs precipitation, we investigated the addition of various salt solutions to a standard 
solution of SWNTs. Above a NaCl concentration of 23 mM, AHA-SWNTs started to 
aggregate slowly from solution. While with CaCl2, a concentration of 7.7 mM started 
precipitation from solution. Both values give a Debye length of 2 nm when put into Eqs 
4.1 and 4.2, suggesting within this distance of the diffuse electrical double layer, the ion 
concentration leads to a substantial reduction in repulsive forces. More detailed study is 
needed for the total interaction between van der Waals force and double-layer force. 
In animal fluids, ions are present in concentration of about 0.2 M. Therefore, 
addition of salts to an aqueous solution at a pH 7.0 can result in aggregation and their 
precipitation from the solution. A solution of AHA-SWNTs (0.5 mg.mL-1) incubated at 
37 °C showed aggregation after 48 h and after 4 days, the SWNTs precipitated from the 
solution. Aggregation of AHA-SWNTs was seen 24 h after SWNTs were introduced into 
the cell culture medium.15 We propose that the insolubility of AHA-SWNTs in HEKs was 
caused by the introduction of cation into AHA-SWNTs solution. And simple aqueous 
solubility is an insufficient parameter to guide the potential application of functionalized 
SWNTs for biological applications. 
In this regard, it is worth testing the aqueous solubility of cationic substituted 
SWNTs, especially with salt in water. Amino-terminated group is a type of cationic 
terminated SWNTs. In fact, terminal alkylidene diamines have been synthesized before 
using fluorotubes as a precursor;14 however, their aqueous solubility is not addressed. In 
this context, we replaced 6-aminohexanoic acid with 1,3-diaminopropane (DAP) to react 
with fluorotubes under the same reaction condition (Scheme 4.1). 
TGA of DAP-SWNTs (4.1) shows a mass loss between 200 and 600 °C, 
consistent with the diamine functional groups and there is a small weight loss after 600 
°C that we attribute to removal of residual fluorine from DAP-SWNTs. The extent of 
sidewall functionalization is estimated from the relative mass loss at elevated temperature. 
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[NH(CH2)3NH2]Z 
[F]y 
(4.1) 
x » y and x > y + z 
Scheme 4.1. Reaction of F-SWNTs with terminal diamines. 
In the case of DAP-SWNTs, the functionalization ratio-CswNTs: substituent is about 15:1. 
XPS was also used to determine CgwOT^substituent ratio by analyzing the C, O, N 
concentrations in the sample. A CSWNTS: substituent of ca. 15:1 determined from XPS 
suggests that TGA shows a reasonable measurement of the side wall functionalization 
ratio. The residual fluorine content was less than 2% by XPS. Compared with the TGA 
and XPS analysis of carboxylic acid functionalized SWNTs (e.g., AHA-SWNTs), all 
these amino groups attached SWNTs show similar levels of functionalization. 
The Raman spectrum of DAP-SWNTs (Figure 4.9) shows a significant D 
(disorder) mode at 1295 cm"1 consistent with sidewall functionalization. In Chapter 1, we 
have shown that the relative intensity of D mode versus the tangential G mode (ca. 1595 
cm-1) is a measure of both the level of substitution and the distribution of substituents. 
The similarity in the intensity of D mode of DAP-SWNTs with AHA-SWNTs, together 
with the functionalization ratios by TGA and XPS, suggests that the substituents are 
similarly distributed for DAP-SWNTs (4.1) and amino acid derivatized SWNTs (1.1-1.3). 
Figure 4.10 shows atomic force microscopy (AFM) image of DAP-SWNTs (4.1). 
These SWNTs are exfoliated as individual tubes or small bundles (due to the drop drying 
effects at spin coating) because they are soluble in water and features less than 4 nm were 
found on the surface. 
[F]x + H2N(CH2)3NH2 
pyridine 
90 °C 
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Figure 4.8. Thermogravimetric analysis of DAP-SWNTs. 
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Figure 4.9. Raman Spectrum of DAP-SWNTs using 780 nm excitation, showing the 
relative intensity of the D (disorder) mode at ca. 1295 cm*1 versus the tangential G mode 
at co. 1595 cm-1. 
The DAP-SWNTs (4.1) also show pH dependent solubility (Figure 4.11). At pH 
4.0 - 11.0, the DAP-SWNTs are soluble. This is reasonable because the diffuse electrical 
double layer also exists if the surface is positively charged. If the ionic concentration in 
solution is too high, the electrostatic potential decays very fast and the van der Waals 
force becomes dominant, which induced the re-aggregation of SWNTs. The DAP-SWNTs 
are insoluble in the presence of NaCl at pH 7 (Figure 4.11 g). 
88 
(nm) 0 -I 
-5.0 4 
1.00 2.00 
(jim) 
Figure 4.10. AFM image and height profile of DAP-SWNT (4.1). 
Figure 4.11. Photograph of DAP-SWNTs (4.1) samples at pH 3, 5, 7, 9, 11, and 13 ( a - f, 
respectively), and a solution with NaCl in di-f^O (g). 
89 
Conclusions 
AHA-S WNTs are capable of localizing within intracytoplasmic vacuoles of HEKs. 
They can also initiate an early inflammatory response. AHA-S WNTs depicted a decrease 
in viability of HEKs. And the toxicity can depend on several physiochemical factors, 
such as their physical shape, diameter, length and aggregation. Cationic substituted 
SWNTs were also prepared and their solubility is also pH dependent. We propose that the 
charging on the surfaces of SWNTs is an important factor to control solubility of SWNTs. 
In fact, the cytotoxicity of differently charged SWNTs (both positively and negatively 
charged) are under current study. The interplay between functionalized SWNTs and their 
interactions with cells needs further study. 
Experimental 
See Chapter 1 for preparation of AHA-SWNTs. Cell culture, viability assay and 
TEM of AHA-SWNTs in HEKs are performed by collaborator at North Carolina State 
University.15 
pH Solubility Studies. Solutions of pH 1.0, 3.0, 5.0, 7.0, 9.0, 11.0, 13.0 were 
prepared. Deionized water (pH 5.7) was also used for all samples. Dilution of 1 M of HC1 
with water was used to prepare acidic solutions (pH =1.0 and 3.0). The basic solutions 
(pH 9.0, 11.0, 13.0) were prepared by dilution of NaOH with water. pH value was 
measured by Orion 230A pH meter and each solution was measured three times. In the 
critical salt concentration experiment, different concentrations of salts were used. For 
NaCl, concentration of 0.1 mM, 1 mM, 3.7 mM and 23 mM were used. For CaCl2, 
concentration of 0.1 mM, 1 mM and 7.7 mM were used. 
DAP-SWNTs Preparation. DAP functionalized SWNTs were prepared by a 
similar method to carboxylic acid functionalized SWNTs reported in Chapter 1. Briefly, 
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F-SWNTs (ca. 30 mg) were sonicated in DMF (300 mL) for 10 mins., resulting in 
complete dispersion to form a dark solution. To this was added about 10 drops of 1,3-
diaminopropane and 4 - 5 drops of pyridine. The reaction mixture was stirred (under N2) 
for 5 days at 90 °C. The reaction mixture was filtered through a 0.2 um Cole Palmer 
Teflon® membrane and washed with water and acetone to ensure complete removal of 
unreacted 6-aminohexanoic acid and reaction byproducts and solvent. 
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Chapter 5 
Attachment of Functionalized Single-Walled Carbon Nanotubes 
(SWNTs) to Silicon/Silica Surfaces 
Introduction 
Single-walled carbon nanotubes (SWNTs) offer a wide range of potential 
applications in the areas of materials and electronic devices. In this regard there has been 
interest in the development of simple methodologies for the attachment or placement of 
SWNTs onto specific surfaces.1 '2 '3 '4 '5 While spin coating solutions of surfacted or 
functionalized SWNTs onto a surface allows for characterization by AFM, the SWNTs 
are readily removed by washing with a suitable solvent. Selective attachment has been 
reported for self assembled monolayer (SAM) functionalized surfaces with amino-
terminated groups (i.e., 3-aminopropyltriethoxysilane (APTES) on silica surface and 11-
aminoundecanethiol on gold surface). Although it has been suggested that the key 
interactions are between the APTES's amine and the SWNT's unfunctionalized sidewall,6 
it has been found that attachment was promoted by oxidizing the SWNTs.7 Schematically 
they suggested that amide formation occurred with carboxylic acid groups on the 
SWNT's ends; however, their AFM images showed SWNTs positioned parallel to the 
surface, consistent with the reaction of sidewall carboxylic acid groups that are found 
even in "purified" SWNTs.8 '9 '1 0 We note that Tour and co-workers have realized 
selective covalent attachment, through the use of an orthogonally functionalized 
oligo(phenylene ethynylene) (OPE) with functional groups on both ends to react with a 
hydride-passivated silicon surface and the SWNTs respectively.11 We have previously 
reported that silica coated SWNTs may be attached to an oxidized silicon surface by 
heating the Si02-SWNT drop on the chip at 100 °C overnight.12 
Another area of interest is to prepare carbon nanotube based electromagnetic (EM) 
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shielding or microwave absorbing materials. Carbon nanotube-polymer composites are 
widely investigated13'14'15'16'17'18'19 and some of them are found to possess high EM 
attenuation properties.16'17 EM properties of carbon nanotube-ceramics (silica) 
composites was also reported, but only with multi-walled carbon nanotubes.20 There is 
also interest in using carbon nanotubes as feedstock to make carbonaceous capsules or 
spherules for carbon nanotube assembly for applications in areas such as catalyst support, 
gene therapy, controlled release of drugs, and lithium ion batteries.21 '22 '23 '24 '25 The 
advantage of making a carbon nanotube based capsule is that the product is a 
combination of the carbon nanotubes and carbonaceous capsules. A few reports about 
carbon nanotube capsules have been published since 2002. Some methods use silica gels 
as templates to make microcapsules of multi-walled carbon nanotubes.26'27 However, 
their nanoparticle/capsule sizes are above 1 urn, making them sometimes not suitable for 
reagents for cell interactions. The Stober particles, 2 8 one type of well-known 
monodisperse silica nanoparticles, can be an alternative template because their sizes can 
be 100, 300, 500, 700 nm depending on concentrations of reaction precursors. We would 
like to investigate the attachment or placements of functionalized SWNTs on Stober 
particles surfaces to prepare SWNTs/silica composites or carbonaceous capsules with 
diameters less than 500 nm. 
We have found that the facile reaction of fluorinated SWNTs (F-SWNTs) with 
amine is a general route to sidewall functionalization (Scheme 5.1).29 '30 During the 
reaction the majority of the fluorine substituents are either removed or substituted such 
that the initial C s ^ ^ F ratio is reduced from ca. 2.5:1 to 20.0:1, while the level of amine 
substitution is between 15:1 and 25:1. Using this method we have prepared thiol and 
thiophene functionalized SWNTs and used these for specific attachment to gold 
surfaces.29 The use of amine substituted carboxylic acids (e.g., 6-aminohexanoic acid) 
allows for the synthesis of water soluble carboxylic acid functionalized SWNTs. Given 
the potential reaction of both carboxylic acid groups and fluoride with APTES's amine 
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groups we have investigated the attachment of both 6-aminohexanoic acid functionalized 
SWNTs (AHA-SWNTs) and F-SWNTs to silica surfaces.31 
- [ p ] x +H2NCH2R 
pyridine 
90 °C 
3 
-HF 
"[NHCH2R]Z 
-[FL 
Scheme 5.1. Functionalization of F-S WNTs (x » y and x > y + z). 
Results and Discussion 
Surface Location of Carbon Nanotubes. Evaporation of an aqueous suspension 
of AHA-SWNTs onto an oxidized silicon substrate results in the AHA-SWNTs being 
deposited as bundles on the surface (Figure 5.1a). However, no adhesion is observed even 
after annealing, since the AHA-SWNTs are easily removed by washing the surface with 
water and alcohol (Figure 5.1b). In fact, the adhesion of the AHA-SWNTs was found to 
be no different on oxidized silicon (silica) than on gold, suggesting no reaction of the 
AHA-SWNTs carboxylic acid under pH = 5 - 8 conditions. In a similar manner to that of 
the AHA-SWNTs, spin coating a DMF solution of F-S WNTs onto oxidized silicon allows 
for AFM characterization, but the SWNTs are readily removed. 
APTES self assembled monolayers, prepared according to literature 
procedures,32 '33 '34 '35 were reacted with an aqueous solution of AHA-SWNTs in the 
presence of N-(3-dimethylaminopropyl)-N,-ethylcarbodiimide (EDC) and N-
hydroxysuccinimide (NHS), Scheme 5.2. After multiple washing and even sonication the 
functionalized SWNTs are not removed from the surface. Figure 5.2a shows an AFM 
image of small bundles of AHA-SWNTs on the surface of APTES coated silicon wafer 
after multiple washings. The formation of bundles versus single tubes on the surface is a 
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(a) (b) 
Figure 5.1. AFM images (4 urn x 4 um), and associated height profiles, of an oxidized 
silicon surface (a) after evaporation of an aqueous suspension of AHA-SWNTs solution 
and (b) after washing with water and alcohol. 
function of the concentration of the AHA-SWNT solution. Thus, the use of a dilute 
solution results in the sparse population of the surface by predominantly single tubes 
(Figure 5.2b). The use of DMF, rather than H2O, as a solvent also results in a lower 
surface coverage. 
The presence of sidewall functionalized SWNTs on the surface is confirmed by 
Raman spectroscopy (Figure 5.3). The consistency of the D:G ratio indicates that reaction 
has occurred without removal or addition of sidewall functionalization on the SWNTs. 
The X-ray photoelectron spectrum (XPS) of the functionalized surface shows a shift in 
the Nls signal consistent with the presence of AHA-SWNTs on the surface above the 
APTES SAM. Use of a high concentration of AHA-SWNTs (equating to a high surface 
coverage) also results in a decrease in the nitrogen signal (relative to silicon) due to the 
presence of a AHA-SWNT overlayer (Table 5.1). The ratio of N:Si for APTES coated 
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AHA-SWNT 
EDC/NHS, H 20 
NH2 NH2 NH2 NH2 
OH 
I 
o=c 
(CH2)5 
NH 
NH NH 
(CH2)5 ( £ H 2 ) 5 
0=C c=o 
NH2 NH NH NH2 
Scheme 5.2. Covalent attachment of AHA-SWNTs to an ATPES SAM on silicon. 
0.0 1.0 2.0 3.0 4.0 
(Jim) 
0.0 1.0 2.0 3.0 
(fun) 
(a) (b) 
Figure 5.2. AFM images (4 urn x 4 um), and associated height profiles, of an APTES 
functionalized silicon surface after reacting an AHA-SWNTs aqueous solution in the 
presence of EDC/NHS coupling reagents, using AHA-SWNT solution of (a) -0.4 
mg.mL-1 and (b)-0.2 mg.mL"1. 
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Figure 5.3. Raman spectrum (using 780-nm excitation) of (a) AHA-SWNTs after 
coupling to an APTES SAM on silicon in comparison to (b) AHA-SWNTs in solution, 
showing the relative intensity of the D (disorder) mode at ca. 1295 cm-1 versus the 
tangential G mode at ca. 1595 cm"1. 
silicon surface is: 1:7.6; after reaction with AHA-SWNTs, it is lowered to: 1:14.6. 
We have previously shown that formation of the acyl chloride of carboxylic acid 
groups on oxidized SWNTs allows for more efficient coupling to a wide range of 
functional groups.36 However, in the present case, reacting AHA-SWNTs with thionyl 
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chloride prior to reaction with the APTES SAM did not improve the surface coverage. To 
further demonstrate that covalent attachment of the SWNTs to the surfaces is important, 
several control experiments were carried out. An APTES coated oxidized silicon surface 
was soaked in a high concentration AHA-SWNTs aqueous solutions for 4 h without 
addition of the coupling reagents (EDC/NHS). After the sample was washed and dried, 
AFM images showed there are no SWNTs on the surfaces. In another control experiment, 
purified SWNTs in DMF was used to deposit onto APTES coated oxidized silicon surface. 
After washing and drying the sample, no SWNTs were found on the surface by AFM 
images. This experiment suggests that covalent attachment is necessary to achieve stable 
binding of SWNTs to the silicon surface. Together with the thionyl chloride results, these 
comparisons suggest that the reaction of AHA-SWNTs and the APTES SAMs are only 
facilitated by the use of the coupling reagent EDC/NHS in water and covalent bonds are 
formed. 
Table 5.1. XPS elemental analysis (atomic %) for AHA-SWNTs and F-SWNTs on 
APTES SAMs. 
APTES-Si02 (AHA-SWNT)-APTES-Si02 (F-SWNT)-APTES-Si02 
31.3 33.6 23.3 
42.9 41.5 52.8 
21.3 23.0 22.2 
4.4 1.8 1.3 
0 0 0.4 
Since AHA-SWNTs are prepared by the reaction of F-SWNTs with the primary 
Si2p 
O l s 
C l s 
N l s 
F l s 
F 
F 
OH OH OH OH 
Scheme 5.3. Covalent attachment of F-SWNTs to silicon using an APTES linkage group. 
+10 -
(nm). 
-10-
0.0 1.0 2.0 3.0 4.0 
(urn) 
Figure 5.4. AFM image (4 urn x 4 um) and associated height profile of oxidized silicon 
surface after the one-pot reaction with F-SWNTs and APTES at 90 °C. 
amine of 6-aminohexanoic acid,30 it is reasonable to expect that F-SWNTs should react 
with the primary amine of the APTES SAM (Scheme 5.3). F-SWNTs dispersed in DMF 
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Figure 5.5. Raman spectrum (using 780-nm excitation) of F-SWNTs (a) after the one-pot 
reaction with APTES and oxidized silicon, (b) F-SWNTs before the reaction, showing the 
relative intensity of the D (disorder) mode at ca. 1295 cm-1 versus the tangential G mode 
atca. 1595 cm-1. 
were heated to 90 °C in the presence of APTES coated SiC>2 substrate in the presence of a 
pyridine catalyst. AFM analysis shows essentially no reaction between the amine and the 
F-SWNTs. In contrast, if instead of using a preformed APTES SAM, the F-SWNTs are 
reacted with APTES in the presence of a silicon substrate then there is extensive reaction 
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and a high surface coverage of SWNTs on the silicon substrate (Figure 5.4). 
XPS analysis shows the presence of an Fls peak after the reaction (Table 5.1), 
since unreacted fluorine is still located where the APTES linkage group is not formed, 
and thus remains on the coated surface. The detection of a fluorine peak helped us to 
prove the presence of SWNTs on the surfaces, while the low level of the Nls signal is 
consistent with the lack of APTES SAM and the formation of an APTES-SWNT species. 
The significant decrease of D:G band ratio of Raman spectrum (Figure 5.5) compared to 
that of fiuorinated SWNTs confirms the reaction of fluorinated SWNTs with APTES 
molecules in solution. In this context, we have attached carboxylic acid functionalized 
SWNTs and F-SWNTs to silicon chips. We have also coated another silica surface, 
porous silica nanoparticles with such functionalized SWNTs. 
Spherical Nanotube Arrays. Stober particles were prepared following previous 
paper.28 These unmodified silica nanoparticles are predominantly silanol (Si-OH) 
groups.37 Reaction of these silica core nanoparticle with APTES38 '39 provided amino 
groups on the surface of the core, which is available for subsequent bound or reactions 
with gold nanoparticles,37 carboxylic groups, fluorines and more. 
Our initial experiment was to coat Stober particles with F-SWNTs (Scheme 5.4). 
There is almost no SWNTs coverage by mixing the Stober particle with pristine SWNTs 
or F-SWNTs. After mixing APTES coated Stober particle with F-SWNTs, the surface 
shows a high coverage of SWNTs (Figure 5.6). This is presumably because of the 
interaction of F-SWNTs with amino groups on the silica surface.6 After heating the 
solution up to 90 °C, carbonaceous capsules started to form from the SWNTs networks 
on the Stober particle surface (Figure 5.7). This is probably because of the in-situ 
generated HF etched the SiC>2 nanoparticles and left the SWNTs to form capsules. This is 
in contrast to adding HF directly to the system, where amorphous silica quickly formed 
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H O / ^ N O H APTES ^ H 2 N / ^ > \ N H 2 F-SWNTs 
H 0 V _ y 0 H > ' H 2 N ^ _ _ y ^ H 2 ~~ " 
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AHA-SWNTs 
Scheme 5.4. Schematic representation of routes to SWNTs coated Stober particles. 
Figure 5.6. SEM image of F-SWNTs deposited on APTES coated Stober particles. 
and no SWNTs cages were found. Adding pyridine to the F-SWNTs and APTES coated 
Stober particle seems to have prevented the Si02 nanoparticles from being etched away 
from HF. However, the sample became amorphous after being stored for three months. 
This is presumably due to generation of HF by absorbing moisture from the air of F-
SWNTs. In fact, this is observed when F-SWNTs powder is stored in glass vial for three 
months. The wall of the glass vial became white and lost their transparency. 
In order to prepare a more stable SWNTs coated nanoparticle system or SWNTs 
hollow capsules, we choose to use AHA-SWNTs as precursors. We have directly coated 
A,HFetch 
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Figure 5.7. SEM image of SWNTs capsules formed by the reaction of F-SWNTs with 
APTES coated Stober particles. 
silica nanoparticle surfaces with AHA-SWNTs and found the surfaces are highly covered 
by SWNTs (Figure 5.8). However, compared with F-SWNTs, the sample forms a feature 
of ring structure on the SEM stub (Figure 5.9). Such features were not observed with 
pristine SWNTs or F-SWNTs coated Stober particles (see above). These ring structures 
have a diameter from several micrometers to several hundred micrometers. Ringlike 
assemblies have been reported for various systems, such as polymers,40'41'42'43 small 
organic molecules,44 inorganic metal nanoparticles,45'46 and even hybrid nanorods.47 
However, ring assemblies have not been reported for Stober particles. Moreover, to our 
knowledge, there is no ringlike superstructure of SWNTs composites reported yet. Our 
approach provides a new method to assemble SWNTs based materials. 
It has been shown that SWNTs are efficient absorbers of microwave irradiation.48 
The subsequent heating is sufficient to combust the SWNTs in oxidizing atmospheres or 
initiate chemical reactions on the SWNTs sidewalls.49 Since silica is transparent to 
microwaves, it would be just the SiC^-SWNTs would absorb microwaves. Therefore, we 
performed microwave heating experiments with the SWNTs coated Si(>2 nanoparticles to 
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Figure 5.8. SEM image of AHA-SWNTs deposited on APTES coated Stober particles. 
Figure 5.9. SEM image of ring structures of AHA-SWNTs coated Stober particles. 
investigate the microwave absorption of SiC^-SWNTs. As expected, with both the F-
SWNTs coated Stober particles and the AHA-SWNTs coated Stober particles, the 
temperature raised 30 - 50 °G after microwave irradiation. And with dried samples, 
sparkling on the nanpparticle surface was observed, suggesting microwave absorbance by 
SWNTs. The structure and composition of samples after heated by microwave needs 
further studies. 
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Conclusions 
We report that the reaction of F-SWNTs with a silicon surface in the presence of 
APTES linkage group provides a convenient one-pot route to the covalent attachment of 
SWNTs to a silicon (or silica) surface. The reaction of the F-SWNTs with the terminal 
amine groups is a more facile reaction than that of the amines with the carboxylic acid 
terminus of AHA-SWNTs. SWNTs coated monodisperse silica nanoparticles were also 
prepared using F-SWNTs and AHA-SWNTs as SWNTs feedstock. These hybrid materials 
can have potential applications in biomedical materials, and microwave absorbance 
materials. SWNTs "cage" structure was also formed by in-situ release of HF from 
reaction of F-SWNTs with APTES. We also prepared ringlike assemblies of SiC^-
SWNTs hybrid materials, suggesting a new method to prepare SWNTs based 
superstructures. 
Experimental 
See Chapter 1 for raw HiPco SWNTs source, purification and fluorination. The 
fluoronanotubes were functionalized with 6-aminohexanoic acid (AHA) to prepared 
water-soluble, carboxylic acid functionalized SWNTs (AHA-SWNTs) as reported earlier 
in our group.30 6-aminohexanoic acid, 3-aminopropyltriethoxysilane (APTES), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide (EDC), N-hydroxysuccinimide (NHS), 1,3-
dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP), and thionyl 
chloride were purchased from Aldrich and used as received. Sulfuric acid (98%), 
hydrogen peroxide (30%) and all reagent grade solvents were obtained from Fisher 
Chemical and used without any further purification. All water was ultrapure (UP) water 
(Milli-Q system, Millipore). For AFM imaging, samples were mounted onto AFM pucks 
(Ted Pella) with carbon tape. 
Si wafers (100 n-type) were cleaned and oxidized in piranha solution 
(H2S04:H202 = 7:3 by volume) at 90 °C for 1 h and then rinsed with UP water. After that, 
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the oxidized Si wafers were blow-dried with a stream of filtered N2. Amino-terminated 
self-assembled monolayers (SAMs) were prepared subsequently on the Si02 surfaces by 
soaking the substrates in 1.0 mM solution of 3-aminopropyltriethoxysilane (APTES) in 
EtOH for 30 min.34 The substrates were rinsed copiously with EtOH and gently dried 
under N2 stream. All samples, after addition of SWNTs, were rinsed copiously with 
solvents such as ultrapure H2O, acetone and EtOH to remove physisorbed SWNTs, 
reaction byproducts and catalyst residues, and then blow-dried with filtered N2. 
Reaction of AHA-SWNTs with oxidized silicon surface. Oxidized Si wafer 
samples were immersed in an aqueous solution of AHA-SWNTs (ca. 0.2 mg.mL-1) at 50 
°C for 4 h and stirred until the solvent (H2O) was completely evaporated to ensure the 
contact of AHA-SWNTs with the Si02 surface. Reactions were also carried out by 
soaking the substrates in aqueous AHA-SWNTs solution for various reaction times at 
room temperature or after heating to 800 °C for 0.5 h. 
Reaction of AHA-SWNTs in H 2 0 with APTES functionalized silicon. APTES 
treated Si02 surfaces were sonicated in 100 mL aqueous AHA-SWNTs solution (ca. 0.2 
mg.mL-1) for 4 h using catalysts EDC (10 mg) or NHS (10 mg). A higher concentration 
(ca. 0.4 mg.mL-1) of aqueous AHA-SWNTs solution was also used. The samples were 
characterized by AFM and SWNTs were found on the surfaces. The substrates were 
annealed under Ar at 800 °C for 30 min. 
Reaction of AHA-SWNTs in DMF with APTES functionalized silicon. AHA-
SWNTs were sonicated in DMF for half an hour after complete dispersion and reacted 
with the silicon surface already treated with APTES using just DCC and DMAP (catalytic 
amount) for 2 hr. After that, the Si surface was rinsed with DMF and EtOH and blow-
dried with N2. 
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Reaction of acyl chloride-AHA-SWNTs with APTES functionalized silicon. 
AHA-SWNTs (20 mg) were added to thionyl chloride (50 mL) in a dry 100 mL flask. 
The mixture was stirred overnight, after which the SWNTs were completely dispersed. 
The solution was centrifuged and the precipitate was washed with anhydrous 
dichloromethane. And this process was repeated several times to ensure the removal of 
excess thionyl chloride. Then the precipitate was dried under vacuum at 70 °C and 
sonicated in anhydrous chloroform to disperse the SWNTs acyl chloride derivative. After 
that the APTES-coated Si substrate was soaked into the dispersion under N2 overnight. 
Reaction of F-SWNTs with APTES functionalized silicon dioxide. F-SWNTs 
(2.5 mg) dispersed in DMF (100 mL) was heated up to 90 °C. The APTES coated Si02 
substrate and pyridine (4-5 drops) was added and the solution heated to 90 °C for 2 h. 
One-pot reaction of F-SWNTs with APTES and silicon dioxide. F-SWNTs (2.5 
mg) were sonicated in DMF (100 mL) for 30 min for complete dispersion. This solution 
was heated up to 90 °C. To this was added pyridine (4-5 drops) and subsequently APTES 
(20 uL). The solution was stirred for about 2 min. The substrates were immersed in the 
solution and reacted for 2 h at 90 °C. 
Stober silica nanoparticles preparation. Stober particle was prepared by 
following procedure reported before.28 APTES coated Stober particles were prepared 
following procedures in previous reports.28 After reaction with APTES Solution, these 
SiC>2 nanoparticles were centrifuged in EtOH several times to remove excess APTES in 
solution. Resultant of the silica nanoparticle core and APTES coated silica nanoparticle 
were examined by SEM. The diameters of Stober particles could be controlled by varying 
the amount of the reaction reagents in the systems following the chart below (Table 5.2). 
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F-SWNTs coated Stober silica nanoparticles preparation. 8 mg of F-SWNTs 
were sonicated and dispersed in DMF (200 mL). APTES coated Stober particles were 
centrifuged from EtOH and dispersed in DMF. Take 10 mL F-SWNTs in DMF and mixed 
it with 5 mL of Stober particles and stir. A homogeneous dispersion was observed. Take a 
few drops from the dispersion and dropped them on Aluminum SEM stubs and dried 
under vacuum at 70 °C. 
After mixing F-SWNTs and APTES coated Stober particles in DMF, the sample 
was heated to 90 °C and stirred for 2 h. The sample was dried under vacuum at 70 °C. In 
another experiment, a few drops of pyridine were added to the reaction. 
Table 5.2. Preparation of Stober particles of different diameters. 
Diameter (nm) 
NH3 (aq) mL 
EtOHmL 
H 20 
TEOS 
100 
1.35 
34.68 
1.29 
2.68 
300 
1.35 
29 
8.13 
1.52 
500 
5.4 
26.5 
6.58 
..." ...1.52 
700 
5.4 
27.5 
4.42 
2.68 
AHA-SWNTs coated Stober silica nanoparticles preparation. AHA-SWNTs 
coated Stober silica nanoparticles was prepared with similar method to F-SWNTs coated 
Stober silica nanoparticles. Uncoated Stober particles were used instead of APTES coated 
Stober particles. And the pH of AHA-SWNTs solution was 7. 
Microwave irradiation experiment. Microwave absorbance experiment was 
done in a commercial microwave oven. SiC^-SWNTs were centrifuged and dispersed in 
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hexane, which is transparent in microwave, and then 10 mL of such solution was heated 
in microwave for 10 sec. Dried SiC^-SWNTs were also placed in a vial and heated in 
microwave for 10 sec. 
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Conclusions 
In this thesis, we advanced the characterization of functionalized SWNTs. 
SWNTs derivatives have been characterized by a combination of spectroscopic and 
microscopic methods, such as Raman, IR, XPS, AFM, TEM, etc. However, full 
characterization of functionalized SWNTs is still not achieved. We successfully applied 
the one of most powerful methods for characterizing organic and organometallic 
compounds-NMR, to characterize our carboxylic acid functionalized SWNTs, and 
confirmed covalent functionalization by directly observing sp3 (C-N) carbon on the 
sidewall of SWNTs. NMR probably is the only method that not only confirms covalent 
functionalization, but also provides structural information of the side chains. We have 
found that the MAS 13C NMR spectrum of sidewall functionalized SWNTs are highly 
dependent on the length of the substituents chain. Our approach by increasing the 
substituent length through subsequent chemical reaction (without additional substitution 
of the SWNT) offers much hope for the further characterization of functionalized SWNTs. 
Fluorinated SWNTs, as the simplest functionalized SWNTs was also 
characterized by solid state NMR. In addition, we proved covalent functionalization by 
observing the sp3 fluorine substituted (C-F) carbon atoms on the sidewall of F-SWNTs. 
We also correlated quantification of F-SWNTs by NMR, XPS, and Raman and found that 
NMR provides a better quantification than Raman at high level of functionalization. 
We have also successfully obtained molecular dynamics information by solid 
state NMR. Longer side chains seem to create more space so that they can flop around 
and have more motional freedom of the side chain than expected at ambient temperature 
in the solid state. This observation of molecular motion could not be obtained by any 
other "common" characterization methods that have been previously used to characterize 
SWNTs. Our approach can be used as a method to study the solid-state interactions 
between functionalized SWNTs or between functionalized SWNTs and matrix materials. 
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We have also advanced the chemistry of single-walled carbon nanotubes 
(SWNTs). Aqueous soluble functionalized SWNTs were prepared by varying the 
substituent chain length. We have developed methods to attach aninoic and cationic 
terminated groups to the sidewall of SWNTs. The solubilities of functionalized SWNTs 
are pH dependent and the presence of salt induced an aggregation of functionalized 
SWNTs in the solution, indicating the interaction of charged SWNTs surface is an 
important issue for biological interactions, environmental issues, and SWNTs-based 
pharmaceutical agents. Cell viability of functionalized SWNTs was also investigated by 
dosing human epidermal keratinocytes with functionalized SWNTs. Under certain 
concentration limit, SWNTs maintain cell viability for 24 h. SWNTs were localized 
within intracytoplasmic vacuoles in cells and aggregated presumably because of the 
presence of salts in cells and cell culture media. The aggregation of SWNTs could be the 
factor that caused the toxicity of SWNTs in cells. 
We have developed a convenient one-pot reaction to attach SWNTs to silicon 
substrates for electron device applications. SWNTs coated monodisperse silica 
nanoparticles were also prepared by facile routes. We prepared hollow carbonaceous 
spheres of SWNTs by in-situ reactions. Such SWNTs-inorganic composite materials 
show microwave absorbance properties and have wide potential applications. 
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Appendix A 
ChiralityofSWNTs 
SWNTs have unique geometrical and electrical properties. SWNTs can be 
considered as a slice of graphene sheet being rolled up to form a seamless cylinder, where 
a pair of indices (n, m) defines the rolling up vector (Figure A.l).1 SWNTs with n = m 
are called "armchair" tubes, and with m = 0 are called "zigzag". Other types of SWNTs 
structures are called "chiral".2 Examples of each of the three different kinds of SWNTs 
structure are depicted in Figure A.2. SWNTs can be either metallic or semi-conductive, 
depending on their chiralities (n, m values). If (n - m)/3 is an integer, a SWNT is 
metallic. The remaining SWNTs are semi-conducting. It is necessary to produce SWNTs 
with one type of chirality to implement uniform electrical properties for proposed 
applications in molecular electronics or devices. Currently, there are three main types of 
methods to produce SWNTs: arc discharge, laser ablation and chemical vapor deposition 
(CVD).3'4 Until now, no methods has the capability of producing chirality selected 
{«,») armchair 
Figure A.l. Schematic representation of a 2D graphene sheet lattice illustrating the 
naming system of SWNTs, defining vectors (a) and (n, m) nanotubes. 
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SWNTs. Therefore, there is much interest in the development of methods that allow for 
the synthesis of SWNTs with particular helicities.5'6 
Armchair 
Zigzag 
Chiral 
Figure A.2. The three types of SWNTs armchair, zigzag, and chiral. 
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